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1.0 SUMMARY 


This report documents Aerojet and Sandia/Livermore activity on the Basic and Option II 
15-month initial portion of Contract NAS 3-25646, Advanced Small Rocket Chambers. The 
period covered is July, 1989 through September, 1990. 

The purpose of this program is to advance the state-of-the-art of high temperature small 
rocket chambers significantly by: (1) examining fundamental propellant combustion processes, 
(2) selecting candidate propellants, materials and fabrication processes suitable for radiation- 
cooled thrusters, (3) evaluating materials in relevant environments, and (4) evaluating small 
rocket concepts by direct firing. Fundamental processes and material evaluation were conducted 
in the basic program and Option II; direct rocket engine firing was conducted in Options I and 
III, which have separate final reports. 

Candidate propellants which were chosen for study after a screening process were two 
storable combinations — nitrogen tetroxide/monomethylhydrazine and nitrogen 
tetroxide/hydrazine, and two cryogenic propellant combinations-oxygen/hydrogen and 
oxygen/methane. 

Candidate materials studied in this program were rhenium protected with iridium for the 
high temperature, radiation-cooled section of the chamber and platinum — 10% rhodium for use 
in film-cooled thruster front ends. 

The fabrication processes chosen were chemical vapor deposition of the iridium and 
rhenium and conventional machining of the platinum alloy. 

Aerojet provided the Material Sample Test Apparatus (MSTA) to Sandia for study of gas- 
phase reactions in oxygen-hydrogen near a surface at the Combustion Research Facility in 
Livermore, CA. Auger measurements of the surface of iridium-rhenium specimens exposed to 
high temperature in a vacuum furnace at Sandia show that this material system should have a life 
of over 40 hours based on diffusion of rhenium to the iridium surface. 

Limited testing of the candidate material in a simulated rocket chamber in oxygen- 
hydrogen and oxygen-methane at Aerojet in the Diagnostic Thrust Chamber (DTC) gave relative 
mass loss data for these systems, concluding the Basic Program activities, Tasks 1 through 6. 
Option II, which was to cover Investigation of Storable Propellants in Laboratory Testing at 
Sandia in the MSTA and Simulated Rocket Chamber Tests at Aerojet in the DTC was initiated in 
February of 1990, and put on hold seven months later to conserve resources for Option III. 
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1.0, Summary (corn.) 

The results of the Basic Program were used to demonstrate the understanding of 
combustion product/chamber material interaction for flight thrusters. Ir-Re 14 lbf and 1 10 lbf 
flight type thrusters were designed, built and tested with impressive results in Option I and 
Option III, respectively, as reported in References 1 and 2. 

2.0 INTRODUCTION 

The Advanced Small Rocket Chambers Program, NASA LeRC Contract NAS 3-25646 has 
as its goal the understanding of rocket chamber material/combustion interaction mechanisms for 
high temperature radiation-cooled rocket engines. 

Program Logic 

The logic to carry out this program is shown in Figure 2-1. The program is a basic program 
plus three options consisting of 15 tasks and reporting in Task 16. The Basic Program and 
Option 2, documented in this final report, included Tasks 1 through 6 and Tasks 10 thorugh 12, 
which covered study and selection of materials, propellants and fabrication processes, basic 
combustion product/material interaction research in collaboration with Sandia/Livermore 
Combustion Research Facility using their advanced laser diagnostics techniques, and exposure of 
candidate chamber materials to simulated rocket engine conditions. 

Activity on this part of the program began in July, 1989; technical activity at Aerojet was 
concluded in September 1990, to concentrate the program resources on Option III, technology 
demonstration of a 100 lbf Ir-Re thruster (Figure 2-2). The collaborative effort at Sandia, Task 5, 
High Temperature Material Tests, continued into 1991. 

The purpose of this program was to significantly advance the state-of-the-art of high 
temperature small rocket chambers by: 

• examining fundamental propellant combustion processes 

• evaluating materials in relevant environments 

• and evaluating small rocket concepts by direct firing. 

The program task schedule is shown in Figure 2-2. The basic program and Option 2 
consisted of ten tasks, as follows: 
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(12 months) 
Option 3 



Figure 2-1. Program Logic 
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1.0 Materials, Processes & Propellant Selection 

• Document On-Going Literature Search 
1 .1 Candidate Materials & Fabrication Processes 
1 2 Potential Matiis Fab Process & Sources 

1.3 Propellants & Bipropellant Combinations 

1 .4 Bipropellant-Material Combinations 

1.5 Material Sample Test Apparatus Design & 
Test Procedure Preparation 


1 .6 MSTA Diagnostics Demonstration 


1 .7 Diagnostic Thrust Chamber Preliminary 
Design and Test Plan 


• Present Findings 


• Order Long Lead Items for Matil Sample 
Test Apparatus & Diagnostic Thrust Chamber 


Test Sample Preparation 


3.0 Sample Test Facility Design 

• Special Test Apparatus Design & Report 

• NASA Approval 


Sample Test Facility Fabrication, 
Installation and Checkout 


High Temperature Material Tests 


Diagnostic Thrust Chamber Evaluation 


6.1 Conduct Detail Design 


62 Fabricate Diagnostic Thrust Chamber 
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Sample Preparation 
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Figure 2-2. Phase I Basic Program Schedule 
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2.0, Introduction (cont.) 


Task 1 - Material, Process and Propellant Selection 
Task 2 - Test Sample Preparation 

Task 3 - Design of Sample Test Facility (Material Sample Test Apparatus - MSTA) 

Task 4 - Sample Test Facility Fabrication, Installation and Checkout 

Task 5 - High Temperature Materials Tests 

Task 6 — Diagnostic Thrust Chamber Evaluation 

Task 10 - Extended Test Sample Preparation 

Task 1 1 - Extended High-Temperature Material Tests 

Task 12 - Extended Diagnostic Thrust Chamber Evaluation 

Task 16 - Reporting 


The testing portions of these tasks concentrated on cryogenic propellants, oxygen/hydrogen 
and oxygen/methane in the basic program. 

The Option II program, which was initiated in February 1990, was intended to extend the 
laboratory and simulated rocket chamber testing to the storable propellants nitrogen 
tetroxide/hydrazine and nitrogen tetroxide/monomethylhydrazine. Design and fabrication 
activities were begun but the work was put on hold in September, before storable propellant 
testing was conducted, in order to conserve funding for Option III, 100 lbf Thrust Technology 
Demonstration. 


This program was a collaborative effort between Aerojet Propulsion Division, Sacramento, 
CA, and the Sandia National Laboratories at Livermore, CA. This work was reported jointly in 
the Advanced Small Rocket Chambers Monthly Technical reports. The Task 5 work described 
here is summarized from these reports. The gas-phase measurements were reported by 
John Hamilton. More recent work conducted for NASA after this collaboration is noted in 
Section 6.0, Bibliography. 

3.0 CONCLUSIONS AND RECOMMENDATIONS 

The selected materials and fabrication processes can provide chambers which, when 
properly applied, should have long life with the propellant systems considered. 

Of the possible material systems which could provide significant improvement in 
small rocket engine performance by eliminating film cooling, only Ir-Re is believed to be a 
viable choice at this time. 
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3.0, Conclusions And Recommendations (cont.) 

Two laboratory simulators of rocket engine operating conditions, the MSTA and DTC 
were demonstrated, along with the ESMs for chamber and exhaust plume diagnostics. These 
devices have significant potential for rapid screening of materials and processes for rocket 
chamber fabrication and should be utilized more extensively. 

4.0 TECHNICAL DISCI ISSTON 

The technical activities on the basic program centered on three areas. The first was choice 
of materials fabrication and propellants which was conducted in Task 1. The second involved 
basic materials studies at Sandia in the gas phase and on the chamber material surface, which 
were conducted in Task 5. Tasks 2, 3 and 4 supported this activity through design, fabrication 
and checkout of test specimen and experimental test apparatus. The third activity area was 
material evaluation in a combustion environment using a simulated rocket engine. 

4. 1 MATERIAL, PROCESS AND PROPELLANT SELECTION 

Suitable combinations of materials and propellant combinations are essential for long 
duration operation at high temperature. The program logic for Task 1 is shown in Figure 4.1-1. 
The results of Task 1 are summarized in Table 4.1-1. 

4.1.1 Materials 

As part of the initial effort on the program, a literature search was conducted 
on the topic of high-temperature materials suitable for use in small rocket chambers. An earlier 
literature search and vendor survey had been conducted on the “High-Temperature, Oxidation- 
Resistant Thruster Research” program and is documented in the Final Report, Appendix A, 
Contract NAS 3-24643 (Ref. 3). The literature search done here was an update of the previous 
work done for tthat Report. 

The search was conducted using materials, processes, and properties for 
descriptors. The materials searched included ceramic matrix composites, intermetallic 
composites, ceramics, platinum group metals, and rhenium. These were matched up with pro- 
cesses such as CVD, PVD, HIP, etc., and properties such as oxidation rate, diffusion data, etc. 
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Determine Candidate Materials 
and Fabrication Processes for 
Radiation-Cooled Thrust Chambers 


Propose Potential Materials 
Fabrication Processes 
and Sources 


Propose Candidate Propellants 
and Bipropeilarrt Combinations 


Propose Candidate Bipropellant- 
Mate rial Combinations 



Propose Material Sample 
Test Apparatus and 
Test Procedure 



Propose Preliminary 
DlagnosticThrust Chamber 
andTest Plan 


Demonstrate Material Sample 
Test Apparatus/Diagnostics 


Procure Long-Lead Items 
for Tasks 4, 5 and 6 


Present Results of Seven 
Task 1 Subtasks, Including 
Long-Lead Items: 
Written Report 
ind Oral P re |^^ 

M60M.53/SJ 


Figure 4.1-1. Task 1 Program Logic 




Table 4.1-1. Task 1 Recommendations for Basic Program 


Propellants 

Materials 


Fabrication 

MSTA and DTC Specimens 
Thruster 


Oxygen/Hydrogen and Oxygen/Methane 

Iridium - Very High Temperature Oxidation Resistant Coating 

Rhenium - Ultra High Temperature Structure 

Platinum - Very Oxidation Resistant Boundary Layer 
Trip Structure 

Rolled Foil 

CVD Rhenium on CVD Iridium 
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4.1, Material, Process and Propellant Selection (cont.) 

The specific descriptors searched were: 

(1) Oxidation models 

(2) Diffusion models 

(3) Intermetallic matrix composites 

(4) HfC/ceramic composites 

(5) Engel-Brewer compounds 

(6) Cermets 

(7) Carbon/Carbon/coatings/oxidation/since 1986 

(8) Ceramic matrix composites/SiC 

(9) Ceramic matrix composites/Zr02 

(10) Ceramic matrix composite s/ZrC 

(11) Platinum group metals/since 1985 

(12) Rhenium/since 1985 

(13) Aluminum oxynitride 

The data bases searched were NTIS, Compendix, Ceramics Abstracts, Sci- 
Search, Metadex. Some recent additions to the literature are listed in Table 4.1-3. Over 150 
citations were located in the first search. The significant titles that appeared to be of interest 
were ordered and have been reviewed. No surprises were uncovered, based on previous studies 
of the literature. 


Based on discussions with a fabricator of advanced materials (Comurhex) the 
recent literature was reviewed for data on aluminum oxynitride because of its potential for oxida- 
tion resistance and low cost. However, it has a relatively low melting point (2165°C/3930°F) 
and therefore did not meet the requirements of this program. It could be a candidate for lower 
temperature applications, such as a low cost replacement for silicide coated niobium if it can 
overcome the disadvantages it shares with other ceramics of potential for brittle failure. 

A detailed presentation of the finding of the materials study is presented in 
Appendix A. A significant factor in material selection was previous Aerojet experience, listed in 
Table 4.1-2. 


The materials chosen for study in the basic program were (1) rhenium for the 
chamber structure, (2) iridium, as a oxidation protection layer on the rhenium, and (3) platinum, 
for those thrusters where a trip is required in the head end. Other material systems which have 
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Table 4.1-3, Recent Significant Documents 


Survey Reports 

- Hoppin III, G.S. and Danesi, W.P., “Future of Superalloys, Superalloys II High- 
Temperature Materials for Aerospace and Industrial Applications,” Wiley, 1987. 

- Stephens, J.R. and Nathal, M.V., “Status and Prognosis for Alternative Engine 
Materials,” NASA TM-100903, September 1988. 

- Stephens, J.R., “High-Temperature Metal Matrix Composites for Future Aerospace 
Systems, NASA TM- 100212, October 1987. 

Properties 

- Luo, A., et al., “Tensile Properties of W-3.6% Re-0.4 HfC Above 0.5 TM,” Scripta 
Met., Vol. 23, 1989. 

Metallic and Ceramic Coatings 

- Harding, J.T., et al., “Oxidation Resistance of CVD Coatings,” AFRPL TR 86-099 
February 1987. 

- Harding, J.T., et al., “Oxidation Resistant Coatings for Operation at 1650-2000° and 
Above,’ 11th Annual Conference on Composites and Advanced Ceramics, January 


- Anon, “Hf02 and Z 1 O 2 Overcoating of SiC for Extending the Oxidation Protection of 
Carbon-Carbon Composites to 3500°F,” Ultramet SBIR Phase I Report to Wright- 
Patterson AFB, May 1986. 

- Schoenman, L., “Rocket Engine Test Report - Hf02 - Lined Ir/Re Chamber,” 

Aerojet IR&D Internal Report, 25 June 1986. 

Ceramics and Composites 

- Yang, J.M., et al., “Development of Nickel Aluminide Matrix Composites,” Materials 
Science and Engineering, January 1989. 

- Barr, F.A. and Page, R.J., “Slip Casting and Extruding Shapes of Rhenium With 
Metal Oxide Additives,” NASA-CR- 174970, April 1986. 
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4.1, Material, Process and Propellant Selection (corn.) 

promise and which should be considered for subsequent development include (1) stabilized 
hafnia as an oxidation protection layer for the iridium, (2) molybdenum-rhenium alloys as a low 
density, machinable replacement for pure rhenium, and (3) tungsten-rhenium as a lower cost, 
machinable replacement for rhenium. 

To be considered as a candidate the material must pass several gates. First, it 
must have good mechanical properties at the desired maximum operating temperature of 2200°C 
(4000°F). As a minimum, the melting point must be above this value. High melting point mate- 
rials are shown in Figure 4.1-2. The combustion temperatures of a number of propellant combi- 
nations are also shown on the figure. These are the temperatures which would be achieved with 
an adiabatic chamber wall; actual temperatures are significantly lower because of radiation loss 
and gas side thermal resistance. A comparison of the ultimate tensile strengths of refractory 
materials as they approach their melting point is shown in Figure 4.1-3. Rhenium is clearly 
superior. 


A second requirement is that the material be fabricable into the relatively 
complex shape required for a rocket engine, without degrading its desirable properties. 

A third material criteria is that it have good resistance to chemical attack or 
be capable of being protected against attack by the combustion products. Oxidation resistance is 
a prime requirement, although material degradation by formation of carbides, hydrides, carbonyls 
or nitrides is a potential problem with some materials, propellants and operating conditions. 

4.1.2 Processes 

The objective of Task 1.2 was to select fabrication processes suitable for the 
high temperature chamber materials. Table 4. 1.2-1 lists processes available for the fabrication of 
candidate materials and some of their characteristics. The CVD process for rhenium fabrication 
was chosen because of favorable experience with this technique in References 4. 1.2-1 and 
4. 1.2-2. Techniques for preparing the protective iridium coating are shown in Table 4. 1.2-2. 
Again, the CVD process was chosen because of prior experience. 

The CVD fabrication process is shown schematically in Figure 4. 1.2-1. A 
mandrel of the dimensions of the inside contour of the chamber is used as the basis for the CVD 
deposition. The iridium is deposited on the mandrel to the required thickness, and can be tested 
and examined as desired before proceeding with rhenium deposition. After buildup to the 
required minimum thickness the deposit can be ground to selectively reduce thickness and form 
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Figure 4.1-2. Melting Points of Candidate Materials 
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Table 4.1 -2-1. Candidate Chamber Materials and Processes 


Chamber Materials 

Production 

Process 

Hot Section Structural 
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HfC> 2 /Iridium 

See Table 4. 1.2-2 
CVD 
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EB Sputter 
CVD 
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EB Sputter 
EB Sputter 
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Figure 4.1. 2-1 CVD Chamber Fabrication Steps 


4.1, Material, Process and Propellant Selection (cont.) 

attachment sections. After overcoating with a high emissivity dentoid (tooth like) layer of Re, 
the mandrel is removed by etching. 

The fabrication processes chosen for laboratory test specimens and flight 
thrusters are listed in Table 4. 1.2-3. 

4.1.3 Propellant Selection 

The purpose of this task was to select the propellant combinations to be used 
in the experimental portions of the program. The selection was based on consideration of both 
the likely importance of the propellants in future missions and the logical development of a high- 
temperature materials technology base. 


To assure that all reasonable propellant candidates were considered, potential 
propellants were screened by characteristics which are important to propulsion system applica- 
tions. These characteristics include melting and boiling point, density, stability, toxicity, exhaust 
contamination, and application experience. The screening results are summarized in Table 4.1.3- 
1 with an assessment of whether the propellant should be considered further for this program. 
Three oxidizers passed this screen: hydrogen peroxide, nitrogen tetroxide, and oxygen. Ten 
fuels passed this initial screen: ammonia, diethyl hydrazine, dimenthylhydrazine, ethane, 
hydrazine, hydrogen, methane, monomethyl hydrazine, propane and RP-1. 

Further screening required assessment of the performance of the oxidizers 
and fuels as bipropellants and the possible application in which they will be employed. 

The system applications considered included Space Station, Pathfinder, 
communication satellites, and other vehicles and spacecraft on which radiation-cooled thrusters 
are likely to be employed. 

Specific impulse of many potential propellant combinations is shown in 
Figure 4. 1.3-1, normalized to performance of the NTO/MMH propellant combination. The effect 
of mixture ratio on theoretical specific impulse for a selected group of propellants is shown in 
Figure 4. 1.3-2. 


From a performance standpoint ammonia loses out to hydrazine or MMH in 
combination with either oxygen or N 2 O 4 , while hydrogen peroxide is inferior to nitrogen 
tetroxide in both specific impulse and density in combination with hydrazine or MMH. 
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Table 4.1. 2-3 
Fabrication Technique 



Tasks 2, 5 
MSTA Specimen 

Task 6 

DTC Specimen 

Task 7 
Thruster 

Rhenium 

Foil, 0.001 in. 
Thick 

Foil, 0.004 in. 
Thick Roll and 
Weld Cylinder 

CVD Re (0.02 to 
0.03 in. Thick 

Iridium 

Foil, 0.001 in. 
Thick 

Foil, 0.001 in. 
Thick Roll and 
Weld Cylinder 

CVD Ir (.002 in. 
Thick) 

Platinum 

Foil, 0.001 in. 
Thick 

Foil, 0.004 in. 
Thick Roll and 
Weld Cylinder 

Machine 
Wrought Bar 
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Table 4.1 .3-1 

Propellant Screening - Fuels, 



rawu HELTIN8 MIUNI DENSITY 8T0RABILITY STABILITY 

POINT, C POINT, C 
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0.418 

poor 
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4 . 1 , Material, Process and Propellant Selection (cont.) 

The choices for oxidizer condense to oxygen for applications which can tol- 
erate cryogenic propellants and N2O4 for those that cannot. This has the proviso that hydrogen 
peroxide could be used, in applications where the toxicity of N2O4 is not acceptable, with a 
slight reduction in I s and density, the penalty of a relatively high freezing point, and some reduc- 
tion in long term storage life because of decomposition. The peroxide should retain the advan- 
tage of hypergolicity with either hydrazine or MMH. 

For applications where cryogenic propellants are acceptable, hydrogen or 
methane with oxygen are the propellants of choice, O2-CH4 because of its high I s , combined 
with its six-fold increase in density over hydrogen. Ethane, propane and RP -1 could have niches 
which depend on a tradeoff between I s , density and storage temperature; from the standpoint of 
this program their chemistry is covered genetically by methane. Of the remaining fuel possibili- 
ties, the chemistry of diethyl and dimethyl hydrazine is well represented by monomethyl 
hydrazine, which is very well understood and for which there is an extensive experience base. 
Hydrazine is a logical choice to accompany the MMH. It permits dual-mode operation which 

can be important in some applications and it gives a simpler chemistry to understand in advance 
of MMH experiments. 

Systematic development of the materials technology base and the use of laser 
base and emission diagnostics dictated that the program begin with simple chemistry and 
progress to more complex chemistry. The program began with the least complex chemistry, i.e., 
that provided by the O2/H2 bipropellant combination. The program then proceeded with a three 
element system with the addition of a carbon-containing fuel, i.e., O2/CH4 and concluded with 
the most complex of the earth storable bipropellant combinations, i.e., N2O4/CH3 N2H3. 

Consideration of present and future applications for radiation-cooled thrusters 
results in a similar list of bipropellant combinations. Space Station was based, in large part, on 
development of a “water economy”. The on-board propulsion is based on the O2/H2 bipropellant 
combination. Pathfinder chemical transfer propulsion was based on O2/H2, in conjunction with, 
or independent of, Space Station. 

Both O2/H2 and O2/CH3 were considered for Advanced Launch System 
propulsion. Indeed a goal of ALS was to make this propulsion system “fuel transparent’, i.e., to 
develop engines which operate equally well on O2/H2 and O2/CH4. 

Orbit transfer (AV) and on-orbit (RCS) propulsion systems for current and 
future satellites are being based more and more on the N2O4/CH3 N2H3 bipropellant combina- 
tion, e.g., Intelsat 5 , 6 and 7 . The Mariner Mark II Bus uses N2O4/CH3 N2H3 as does the Orbit 
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4 . 1 , Material, Process and Propellant Selection (corn.) 

Maneuvering Vehicle. More recently, the use of N2O4/N2H4 for spacecraft has been discussed 
to improve performance and permit dual mode operation with simplified propulsion systems. 
Table 4 . 1 . 3-2 summarizes propellant application experience on a number of production propul- 
sion systems. 


For these considerations, it appears that the needs of ( 1 ) systematic develop- 
ment and (1) current and future applications can best be served by the study of four bipropellant 
combinations. In the order of complexity of chemistry these are O2/H4, O2/CH4, N2O4/N2H4, 
and N2O4/CH3N2H3. 

Interactions between propellant combustion products and chamber material 
over the range of operating conditions were considered. Extent of reactive species in the com- 
bustion products and potential volatile reaction products with the wall impact wall life. 

Major and minor species for six potential propellant combinations at a speci- 
fied MR, are shown in Table 4 . 1 . 3 - 3 , along with ODE specific impulse and combustion 
temperature. 


The evaluation of the best combinations of propellants and materials included 
the most recent experience of Aerojet and others and considered thermochemical predictions of 
suitable operating regimes (MR, T wa ii, Pc) for candidate material/propellant combinations. 

The three materials recommended in Subtask 1.1 are potentially suitable for 
construction of thrusters for all four selected propellant combinations. 

Given the recommended set of propellant combinations, it is practical to 
explore the expected combustion species to which the chamber materials will be exposed. 
Equilibrium composition calculations were performed for the following conditions. 


ProDellant 

MR Range 

Pc Range. Atm 

O2/H2 

to 10 

1 , 5 and 10 

O2/CH4 

2 to 5 

1 , 5 and 10 

N2O4/N2H4 

1 to 2 

1 , 5 and 10 

N2O4/CH3 N2H3 

1 to 3 

1 , 5 and 10 


RFT/H0080.13 09 


25 


12/1/94 



Table 4.1 .3-2 

Liquid Propellants Used in Production Bipropellant 
Propulsion Systems 


Earth Storable 
Propulsion Systems 


Titan IV, Stages 1 and 2 

N 2 0 4 /AeroZI N E-50 a 

Medium Launch Vehicle, Stage 2 

N 2 0 4 /AeroZIN E-50 a 

Peacekeeper, Stage IV 

N 2 0 4 /CH 3 N 2 H3 

STS Orbiter, Maneuvering and 
Reaction Control 

n 2 o 4 /ch 3 n 2 h 3 

Geostationary Satellites, Orbit 
Transfer and Station Keeping 

n 2 o 4 /ch 3 n 2 h 3 

Cryogenic Propulsion 
Systems 


Medium Launch Vehicle, Stage 1 

L0 2 /RP-1 b 

STS SSME 

lo 2 /lh 2 

Centaur Upper Stage, RL-1 0 

lo 2 /lh 2 


a AeroZine-50, (CH 3 ) 2 N 2 H 2 , 50-50 wt% 

b RP-1 , Q-C 12 H 26 Kerosene Distillate Cut 
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Table 4.1 .3-3, 

Equilibrium Composition of Candidate Bipropeliant 
Combinations at Chamber Conditions (Pc = 5 atm) 



° 2 /h 2 

o 2 /ch 4 

02 /S 1 H 4 


iiil 

cif 3 / n 2 h 4 



MMH 


Mixture Ratio 

4.35 

3.39 

0.88 

1.40 

2.34 

2.84 

Temperature 

5493 R 

5873 R 

5121 R 

5445 R 

5603 R 

6420 R 

Isp (vac) 
@150:1 

492 sec 

394 sec 

376 sec 

358 sec 

356 sec 

352 sec 

CO 

— 

0.18886 





0.08323 

— 

co 2 

— 

0.10348 

— 

— 

0.06498 

— 

Cl 

— 

— 

— 

— 

— 

0.09568 

CIF 

— 

— 

— 

— 

— 

0.00002 

CI 2 

— 

— 

— 

— 

— 

0.00010 

F 

— 

— 

— 

— 

— 

0.01338 

F 2 

— 

— 


— 

— 

— 

H 

0.05332 

0.04687 

0.02774 

0.02067 

0.02405 

0.05523 

HC 

— 

— 


— 



— 

HCL 

— 

— 


— 


0.08594 

HF 









0.53212 

H 2 

0.42144 

0.10044 

0.44946 

0.07433 

0.06005 

0.03278 

h 2 o 

0.50072 

0.42115 

0.19111 

0.43399 

0.34727 

— 

H02 

— 

0.00003 

— 

0.00001 

0.00002 

— 

N 

— 

— 

— 

— 

0.00001 

0.00006 

NH 

NO 


— 

— 

0.01022 

0.01328 

— 

n 2 

— 

— 

— 

0.39592 

0.31522 

0.18468 

0 

0.00172 

0.02235 

0.00014 

0.00708 

0.01242 

— 

OH 

0.02192 

0.07927 

0.00345 

0.04104 

0.05052 

— 

O 2 

0.00083 

0.03753 

0.00002 

0.01671 

0.02894 

— 

SiO 

— 

— 

0.27132 

— 

— 

— 

Si02 

— 

— 

0.00114 

— 

— 

— 

Si0 2 (1) 

— 

— 

0.05561 

— 

— 

— 

SiC^ (s) 



0.00001 
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4.1, Material, Process and Propellant Selection (cont.) 

The mixture ratio ranges were chosen to bracket the nominal operating con- 
ditions so that composition data are available for off-MR conditions which can represent either 
poor mixing or film cooling and core flows. The chamber pressure ranges were selected to cover 
the range planned for the Sandia experiments, the thruster tests at Aerojet, and typical flight 
thruster conditions. 


A representative set of composition data are given in Figures 4. 1.3-3 through 
4. 1.3-6 for the four propellant combinations at 5 atmospheres. The complete set of composition 
data is given in Appendix B, in graphical form. Plots of combustion temperature and theoretical 
specific impulse (e = 75, vacuum) are given for the four propellant combinations as a function of 

MR. For convenience, these data are also tabulated, along with composition data, in the 
Appendix. 


An equilibrium model of the interaction of chamber materials and combina- 
tion products was evaluated as a way to correlate the data to be obtained in MSTA tests at Sandia 
and DTC tests at Aerojet. This approach is straightforward and represents a limiting bound for 
the process at the chamber wall. The process is represented by the reaction 

METAL (SOLID) + COMBUSTION PRODUCTS -> METAL (GAS) + 
METAL/COMBUSTION PRODUCT COMPOUNDS 

where the metal/combustion product compounds can be oxides, hybrids, nitrides, carbides, car- 
bonyls and the like. 


To perform the calculations requires the availability of thermodynamic prop- 
erties of the possible products as a function of temperature. A complete set was available for 
copper. The results of these calculations for copper are shown in Figure 4. 1.3-7. The lower 
curve shows solid copper in equilibrium with copper vapor with chemical reactions suppressed; 
this represents the lower limit of the removal mechanism. The second curve shows the equilib- 
rium conditions considering metal vapor, copper oxides, and hydride formation. In this example, 
at the extreme upper end of the range of copper wall temperature (1300°F on the hot surface), the 
mole fraction of reacted copper is about 5 orders of magnitude higher than that of the vapor 
without reaction. 


In this form, this model can provide an indication of the temperature and MR 
. range at which significant reaction of wall material will occur. Coupled with assumptions on 
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Mole Fraction 



Mixture Ratio 


Figure 4.1. 3-4. Mole Fraction Versus Mixture Ratio for Oxygen/Methane at 5 atm 


. 30 


Mole Fraction 




Figure 4.1. 3-5. Mole Fraction Versus Mixture Ratio for Nitrogen 
Tetroxide/Hydrazine at 5 atm 
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Figure 4.1. 3-6. Mole Fraction Versus Mixture Ratio for Nitrogen Tetroxide/ 
Monomethyihydrazine at 5 atm 
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4.1, Material, Process and Propellant Selection (cont.) 

boundary layer conditions, loss rates can be predicted, as shown in Figure 4. 1.3-8 from 
Reference 5 for molybdenum in O 2 /H 2 combustion products. 

The value of such analysis appears high and should be pursued. It requires 
(1) collection and/or generation of reasonable thermodynamic data for the possible reaction 
products and (2) inclusion of simple but reasonable correlations for boundary layer conditions to 
permit absolute wall regression rate prediction as a function of wall temperature and combustion 
conditions (propellant, MR, Pc). 

An Aerojet-sponsored program was conducted to demonstrate an inexpensive 
laboratory approach for obtaining these data. Measurements were made of material reaction 
rates in Reference 6 using a simplified version of the material screening apparatus shown in 
Figure 4. 1.3-9, in oxygen-ethane combustion products. These were exploratory tests to deter- 
mine feasibility for obtaining chamber material reaction rate data on a simple wire specimen. A 
sequence of photomicrographs of a molybdenum specimen during a portion of a long duration 
exposure is shown in Figure 4.1.3-10. Reaction rate measurements made on molybdenum, 
columbium (niobium) and titanium are shown in Figure 4. 1.3-1 1. 

This approach can provide direct reaction measurements on simple, standard- 
ized, readily available specimens under defined temperature, composition and pressure condi- 
tions to use in providing inputs to and validation of chamber wall reaction rate models. 

4.2 TEST SAMPLE PREPARATION 

Material test specimens of iridium platinum and rhenium were designed and fabri- 
cated for use at Sandia in MSTA gas phase measurements and surface measurements and for use 
as simulated combustion chambers in the Diagnostic Thrust Chamber. 

The MSTA specimens were rectangular approximately 1.0 by 1.75 inches. These 
were electrically heated by passing a current through the foil. To limit the heating current to 
about 500 amps required a 1 mil thick specimen. The DTC specimens, whose design is shown in 
Figure 4.2-1, were planned to be 4 mil thick. However, the iridium was only available in 1 mil 
foil. The specimens ordered for the study are listed in Table 4.2-1. 

The specimens fabricated for the DTC used laser welding of the seam to form a cylin- 
der. This was successful for the 4 mil Re and Pt but not for the 1 mil Ir. 
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Estimated Corrosion Rate, mil/hr 



Figure 4.1. 3-8. Estimated Corrosion Rate of Molybdenum 
in H 2 0/H 2 Atmospheres 
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Figure 4.1. 3-9. Laboratory Screening of Materials 




MR = 3.0 
P c = 1 ATM 
Specimen O.D. =1.0 mm 
Material Loss Rate = 201 Micron/hr 



Figure 4.1.3-10. Molybdenum Exposed to Oxygen-Ethane 

Combustion Products 



Material Reaction Rate, Microns/Hour 
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Item No. 
1 

2 

3 

4 

5 

6 


Table 4.2-1 MSTA and DTC Specimen Materials 

Quantity Description 

10 each Rhenium Foil, 99.9% or Better, 1.00 inch by 1.75 inch, 
by 0.001 inch thick 

10 each Rhenium Foil, 99.99% or Better, 1.88 inch by 2.0 inch, 
by 0.004 inch thick 

10 each Iridium Foil, 99.9% or Better, 1.00 inch by 1.75 inch, by 
0.001 inch thick 

8 each Iridium Foil, 99.9% or Better, 1.88 inch by 2.0 inch by 
0.001 inch thick 

12 each Platinum Foil, 99.9% or Better, 1.00 inch by 1.75 inch, 
by 0.001 inch thick 

8 each Platinum Foil, 99.9% or Better, 1.88 inch by 2.0 inch by 
0.004 inch thick 


Material must be free of creases, wrinkles or scratches. 

Each item must be packaged separately to protect from shipping and handling damage. 
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4.2, Test Sample Preparation (cont.) 

Photographs of DTC specimens are shown in Figure 4.2-2. SEM photos of a portion 
of the weld area of the platinum and rhenium DTC test specimens are shown in Figures 4.2-3 and 
4.2-4, respectively. In the case of the platinum the weld and the surrounding surface are free of 
anomalies. Flaws are evident on the rhenium surface, but they are not associated with the weld. 

A pinhole was noted in one of the rhenium specimens near the start of the weld. A pinhole in 
this area, which slips over the DTC injector, is not a problem. 

Weights, dimensions and comments for the fabricated DTC specimens are given in 
Table 4.2-2. 

4.3 DESIGN OF SAMPLE TEST FACILITY 

The Material Sample Test Apparatus (MSTA) is a laboratory reaction chamber used 
at the Sandia CRF for advanced laser diagnostics studies of gas-phase and surface combustion 
product material interactions. This system was provided to the program by Aerojet. Figure 4.3-1 
is a schematic of the MSTA system. It consists of a combustion chamber with a premix platelet 
burner and a specimen holder. The combustion chamber has four 2-in. dia fused-silica ports for 
optical diagnostic access. The specimen holder permits electrical control of specimen tempera- 
ture. Figure 4.3-2 is a pictorial representative of the system. The burner and combuster 
arrangement is shown in Figure 4-3-3. Table 4.3-1 summarizes design operating conditions for 
the MSTA. Two burner systems were provided to Sandia, one for the gas phase interactions 
experiments, operating in the chamber at one to six atmospheres, and a second burner and speci- 
men holder operating in the high temperature interfaces experiment at one atmosphere. Only the 
1 atmosphere system was used at Sandia. 

A cross-section of the assembled chamber is given in Figure 4.3-4, showing the rela- 
tion of the specimen holder to the burner and the adjustable cooled pintle for chamber pressure 
control. Figure 4.3-5 is a schematic of the 6 atmosphere system, as it was setup at Aerojet for 
checkout. 

4.4 SAMPLE TEST FACILITY FABRICATION, INSTALLATION 

AND CHECKOUT 

The MSTA premixed burner was fabricated with Zr-Cu platelets to provide a com- 
bustion gas flow, shroud gas flow and internal water cooling. 
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Figure 4.2-2. Welded Foil DTC Specimens 
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Figure 4.2-3. Electron Beam Welds on Platinum DTC Specimen 


Figure 4.2-4. Electron Beam 



on Rhenium DTC Specimen 



Table 4.2*2. Diagnostic Thrust Chamber Specimens - 
Weight and Dimension Data 


Soecimen 

Weight 

GMS 

Approx. 

Length, 

in.* ** 

Internal dia. in. 

Comment 

DTC-Re-001 

4.09025 

1.877 

.500 Go; .501 Go One End 


DTC-Re-002 

3.88218 

1.770 

.503 Go 

Slight Flare One End 

DTC-Re-003 

4.20697 

1.885 

.502 Go; .503 Partial 

Flare One End 

DTC-Re-004 

4.20606 

1.885 

.501 Go; .502 Partial 

Flare One End 

DTC-Re-005 

4.11346 

1.873 

.500 Go Snug 

** 

DTC-Re-006 

4.25764 

1.889 

.502 Go; .503 Partial 

Flare One End 

DTC- Re-007 

4.07526 

1.863 

.500 Go Snug 

**; Several Weld Irregularities; 

DTC-Re-008 

4.13179 

1.882 

.503 Snug 

Pinhole at ~0.4 In. 

DTC-Re-009 

4.22615 

1.873 

.503 

Slight Flare Both Ends 

DTC-Re-010 

4.26846 

1.886 

.502 Snug 

Flares, Rough End 

DTC-Pt-001 

4.02030 

1.872 

.502 Go; .503 Partial 

Offset One End 

DTC-Pt-002 

4.08634 

1.870 

.502 Go; .503 Partial 


DTC-Pt-003 

4.06592 

1.869 

.503 Go 


DTC-Pt-004 

4.01384 

1.863 

.502 Go; .503 Partial 


DTC-Pt-005 

3.99790 

1.870 

.502 Go; .503 Partial 


DTC-Pt-006 

4.00437 

1.869 

.501 Go; .502 Partial 

Weld Irregularities 

DTC-Pt-007 

4.13724 

1.869 

.502 Go; .503 Partial 

Weld Irregularities One End. 

DTC-Pt-008 

4.09410 

1.865 

.503 Go 

Pinhole at 0.35 In. 

Weld Irregularities; offset Both 

DTC-Pt-009 

3.98220 

1.865 

.503 Go 

Ends 

DTC-Pt-010 

4.08702 

1.869 

.501 Go; .502 Partial 



* Ends Not Necessarily Square 

** Injector dia to be .499/.501; May Not Fit 
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Figure 4.3-1 . Material Sample Test Apparatus (MSTA) System Block Diagram 









Exhaust 



Figure 4.3-2. Sample Test Facility - Combustion Apparatus Components 




Figure 4.3-3. MSTA Burner/Combustion Chamber Assembly 


Table 4.3-1 

Materials Test Apparatus for Sandia 
Burner Operating Conditions 


Propellants 

Q>/H 2 and 0 2 /CH 4 

Nominal Flow Rate 

0.1 gm/sec 

Chamber Pressure 

1 to 6 atm 

MR: 0 2 /H 2 

2 to 12 

0 2 /CH 4 

3 to 6 

Burner 

Platelet, premixed, 
with GN 2 shroud 
and water cooling 

Propellant Elements 

180 ea 0.008x0.01 7 in. 

N 2 Elements 

420 ea 0.008x0.01 7 in. 

Heat Release 

Approximately 5 kw 

Burner Water Cooling 

Approximately 0.5 gpm 


M7D4/N8 
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1/4-20 UNC x 1.50 Long CRES Rod 6 Reqd Per Window- 
1/4-20 UNC Nut 12 Reqd Per Window 


1204354-1 Window 

1204351-1 Gasket - 2 Reqd Per Window 
2-033 V747 O-Ring (Parker) 

1204355-1 Screen 
1204355-2 Screen 

1204356-1 
Shield 

1204353-1 
Retainer 



120436-9 

Pintle 


A 

Nitrogen Port 
1204348-1 Manifold 


Figure 4.3-4. MSTA Chamber Assembly 






Pyrometer 



- 1 to 6 ATM System 









4.4, Sample Test Facility Fabrication, Installation and Checkout (cont.) 

Four units were fabricated, three for use at Sandia (one for gas phase experiments, 
one for surface experiments, and a spare). The burner assemblies are shown in Figure 4.4-1. 
Figure 4.4-2 identifies the burner gas and cooling circuits. The face section of the burner is 
shown in Figure 4.4-3. 

The MSTA 6-ATM components are shown in Figure 4.4-4. Specimen and holder 
components are shown in Figure 4.4-5. The specimen holder is shown assembled in Figure 4-4-6 
and with a 0.00254 in. thick rhenium foil installed (Figure 4.4-7). The 6- and 1-ATM MSTA 
units are shown assembled in Figure 4-4-8. The MSTA control console (6-ATM) is shown in 
Figure 4.4-9. 

The tests conducted to checkout the MSTA are listed in Table 4.4-1. First, the burner 
and chamber were proof and leak checked. The burner was then operated at full gas flow with 
oxygen-hydrogen and oxygen-methane using the 6-Atm recirculating hot water cooling system . 
When operated near stoichiometric mixture ratio the burner face darkened. After about two 
hours of operation the face was cleaned with a moist cotton swab. SEM examination showed 
that the nickel flash used to promote platelet bonding had reacted. The underlying copper sur- 
face was unaffected. The nickel was removed from the burner surface to eliminate a possible 
contamination source. 

After checkout of the control system and gas delivery system the 6-Atm system was 
installed at Aerojet and checked as an assembly. Operation was demonstrated at 4-Atm using 
oxygen and hydrogen, with an iridium specimen heated to 3600°F. Figure 4.4-10 shows the 
overall system; Figure 4.4-1 1 shows the combustion chamber. A view of the chamber showing 
the burner with the igniter inserted is shown in Figure 4.4-12. The system during operation is 
shown in Figure 4.4-13; a closeup of the iridium specimen being exposed to O 2 /H 2 at MR 6 
while being electrically heated is shown in Figure 4.4-14. As part of assembly and checkout, an 
MSTA Operations Manual was prepared for use at Sandia (Ref. 7). 

4.5 HIGH TEMPERATURE MATERIALS TESTS (SANDIA) 

Basic laboratory studies of gas- and surface-phase interactions of propellant combus- 
tion products with materials for radiation-cooled chambers were conducted at the Sandia 
National Laboratories, Livermore, CA. This work used the advanced laser diagnostics capability 
of the Combustion Research Facility and Surface Science Laboratory in a collaborative effort 
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Figure 4.4-7. Specimen Holder Detail 
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C0290 0474 


Figure 4.4-8. MSTA Combustor Assemblies 
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Figure 4.4-9. MSTA Control Console 
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Table 4.4-1. Material Sample Test Apparatus Checkout 


Location 

lypg. 

Material 

Aerojet 

Proof 

- 


Leak 

- 


Controls Operation 

- 


Burner Operation 

- 


Specimen Heater 
Operation 

Iridium 


Propellant 

Mixture Ratio 
(mass oxidizer/ 
mass fueh 

Chamber 

Pressure, 

Atmospheres 

gn 2 

- 

32 

gn 2 

- 

7 

gn 2 

- 

1 to 6 

o 2 /h 2 

2 to 12 

1 to 6 

o 2 /h 2 

2 to 12 

1 to 6 


Specimen 

Temp. K Objective 

- Determine Design Adequacy 

- Determine Design Adequacy 

- Determine Design Adequacy 

- Determine Design Adequacy 
1000, 2200 Determine Design Adequacy 
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Figure 4.4-10. Overall 6-ATM MSTA System 







Figure 4.4-11. View of 6-ATM MSTA Chamber 
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C0290 0475 


Figure 4.4-12. View of Combustion Zone Showing Burner Face and Igniter in Inserted Position 




Figure 4.4-13. MSTA During Operation (The injector is Positioned in the 
Middle of the View Port. The Specimen is at the Top) 
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CO290 


Figure 4.4-14. iridium Specimen Exposed to O 2 /H 2 at MR = 6 for 45 min. 
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4.5, High Temprature Materials Tests (Sandia) (cont.) 

with Aerojet. This work was reported jointly in the Advanced Small Rocket Chambers Monthly 
Technical reports. The work described here is summarized from those reports. The gas-phase 
measurements were reported by Bob Lucht and Bob Barlow; the surface measurements were 
reported by John Hamilton. More recent work conducted for NASA after this collaboration is 
noted in Section 6.0. 

The objective of the gas phase studies was to quantify the gas properties downstream 
of the reaction zone as the gas approaches a hot surface representative of the inner wall of a 
radiation-cooled chamber. 

The surface studies were used to measure optical characteristics of surface oxide 
layers for Ir, Pt and Re, and to characterize the Ir-Re diffusion couple under the high temperature 
of a radiation-cooled rocket engine. 

4.5.1 Gas Phase Measurements 

Gas phase measurements were performed in the Turbulent Diffusion Flame 
• Facility (TDFF) using our existing simultaneous Raman-OH laser-induced fluorescence (LIF) 
system and the 1-atm MSTA as the combustion source. Figure 4.5. 1-1 is a schematic diagram of 
the system; Figure 4.5. 1-2 is a pictorial representation of the system. 

The physical processes of LIF and Raman scattering are shown schematically 
in Figure 4.5. 1-3. Figure 4.5. 1-4 is a photograph of the laser probe for OH in the MSTA com- 
bustion zone with a heated Ir specimen. 

The gas-phase measurements were carried out using the 1-atm MSTA. In 
anticipation of these experiments, computer simulations were run to obtain an estimate of the 
thickness of the boundary layer adjacent to the cylindrical sample. The SURFACE-CHEMKIN 
computer code used for this simulation was developed by Sandia for numerical modeling of 
CVD processes. For the conditions listed in Table 4.5. 1-1, the boundary layer thickness was 
predicted to be approximately 6 mm. This can be resolved using our current OH fluorescence 
system. 


OH concentration and temperature are the two most important quantities 
required to determine the effect of the material surface on gas phase chemistry. Specifically, we 
wish to determine whether the heated surface acts as a catalyst to increase the concentrations of 
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igure 4.5.1-1. Schematic of Experimental Apparatus for Simultaneous Laser 

Induced Fluorescence, Raman Scattering, and Rayleigh Scattering 
Measurements in Turbulent Jet Flames 




'vl 

O 



PULSED 
Nd:YAG LASER 


DYE 

LASER 


POLYCHROMATOR 


PERISCOPE 
(CRF DYE LASER 
532 nm,1 J,2us) 


DOUBLER 


W DICHROIC 
I- MIRROR 


PMT 

ARRAY 


FLUORESCENCE 
S DETECTION 


RAMAN 

SCATTERING 

DETECTION 


GATED 

INTEGRATORS 




MSTA 


SPECTROMETER 


PMT 

GATED 

INTEGRATOR 


COMPUTER 


Figure 4.5.1 -2. Apparatus for Gas-Phase Raman Scattering and OH 

Fluorescence Measurements in the MSTA 




Laser-Induced Fluorescence (LIF) Measurements 



Figure 4.5. 1-3. Physical Processes of LIF and Raman Scattering 
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Figure 4.5.1-4. Laser Probe for OH in MSTA O 2 /H 2 Combustion 

Zone with Heated Ir Specimen 
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Table 4.5.1-1. Flow Conditions For the Computer Simulations 


Presure 

Free Stream Composition 
Free Stream Temperature 
Free Stream Velocity 
Surface Temperature 


1 atm 

Equilibrium Products of H 2 -Air Combustion 
2090 K 


11.9 m/s 
2000 K 


RPT/H0080.136T/1 1 
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4.5, High Temprature Materials Tests (Sandia) (corn.) 

flame radicals above the gas-phase equilibrium levels or as an efficient third body to facilitate 
recombination reactions and reduce the radical concentrations below the gas-phase equilibrium. 
Temperature profiles were determined in two ways using the Raman scattering system; 1) from 
the ratio of the Stokes and anti-Stokes nitrogen signals, and 2) from the total number density of 
major species in combination with the perfect gas law. Because we were working with 
combustion products from a premixed burner in the MSTA, the major species mole fractions 
were expected to change very little in the boundary layer, while the temperature and OH mole 
fraction may change significantly. 

Representative results from two simulations are included in this report, one 
with no reactions at the surface and the second with high radical recombination rates at the sur- 
face. Profiles of axial velocity, temperature, and the OH mole fraction for the case with no 
surface chemistry are shown in Figures 4.5. 1-5, -6, and -7, respectively. Corresponding profiles 
for the second case, where radical concentrations are forced to zero at the surface, are shown in 
Figures 4.5. 1-8 and -9. 

An important result obtained from the simulations is that the OH concentra- 
tion throughout the boundary layer in the case with no surface chemistry is in partial equilibrium 
with the H 2 and 0 2 concentrations, as shown in Figure 4.5. 1-7. This demonstrates that residence 
times in the boundary layer are long enough to allow the rapid bimolecular reactions of the 
oxygen-hydrogen system to achieve equilibrium at the local temperature. Figure 4.5. 1-9 shows 
that partial equilibrium holds through the outer part of the boundary layer in the case with high 
recombination rates at the surface. However, because the radical concentrations are pulled to 
zero at the surface, partial equilibrium cannot be achieved near the surface, and the OH concen- 
tration drops below that corresponding to partial equilibrium of OH, 0 2 , and H 2 . 

Experimental conditions for the boundary-layer measurements that have been 
completed in the atmospheric pressure MSTA are summarized in Table 4.5. 1-2. Profiles of 
temperature and OH concentration were obtained using the laser-induced fluorescence tech- 
niques described below. 
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NO SURF REflX , TS - 2000K 



Figure 4.5.1-5. Profile of the Axial Velocity for the Conditions Described 
in Table 4.5. 1-1 with No Surface Reactions 
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NO SURF RERX , TS - 2G00K 



on 3dmud3dW3i 


Figure 4.5.1 -6. Profile of the Temperature for the Conditions Described in Table m.i 
With No Surface Reactions 





Figure 4.5.1-7. Profiles of the Predicted OH Mole Fraction (Solid, Line with 

f ® y D b ° Wlth the 0H Mole Fraction Calculated 

from Partial Equilibrium with Oaand H 2 Conditions Described 
in .Table 4.5.1-1 with No Surface Reactions 
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RXIRL VELOCITY (c~/s) 


WITH SURF RERX, TS - 2000K 



Figure 4.5.1 -8. Profile of the Axial Velocity for the Conditions Described in Table 4.5.1 -i 
with High Radical Recombination Rates at the Surface 
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Temperature (K) 

2000 2020 2040 2060 




Height (cm) 

Figure 4.5.1 -9. Calculated Profiles of T, OH, N 2 , H 2 O Illustrate That Major Species 
Mole Fractions Can Be Expected to Change Very Little in the MSTA 
Gas Phase Boundary Layer, While Temperature and OH Mole Fraction 
Can Change Significantly 
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4.5, High Temprature Materials Tests (Sandia) (cont.) 


Table 4.5.1 -2. Experimental Conditions For Gas-Phase Profiles 


Foil 

T 5 (K)t 

Reactants 

MR 

Ir 

1670 

H 2 -air 

6.5 

Ir 

1970 

H2-air 

6.5 

It 

2270 

H2-air 

6.5 

Ir 

2370 

H2-air 

6.5 

Ir 


H2-air 

5.5 

Ir 


H2~air 

5.5 

It 


H2-air 

5.5 

Pt 

1670 

H2-air 

6.5 

Pt 

1670 

H2-air 

5.5 

Ir 

1990 

H 2 -O 2 

6.5 

Ir 

2100 

H 2 -O 2 

5.5 


fTs is the specimen surface temperature measured by the two-color pyrometer. 

OH Concentration Measurements 

For the OH concentration measurements, as well as the temperature mea- 
surements, the laser diagnostic system is operated in the linear fluorescence regime. 

Fluorescence signal is normalized by laser energy and averaged for 300 shots at each location in 
the boundary layer. OH concentration is calculated from the averaged data according to Eq. (1), 

[OH] = CrefCQCfCtrapF ( 1 ) 

where F is the average value of the normalized fluorescence signal, C re f is a calibration constant 
referenced to measurements above a calibration burner, Cq is the correction factor accounting for 
variation of the collisional quenching rate, Cf corrects for variation with temperature of the 
Boltzmann fraction in the ground-state rotational level, and Ctrap is a function of distance from 
the sample surface that corrects for the effect of fluorescence trapping in the MSTA. 

Fluorescence trapping refers to the absorption of some of the fluorescent light 
by OH molecules in the combustion gases between the laser probe volume and the collection 
lens. Ctrap was determined for several locations (1, 2, 4, and 8 mm from the surface) by 
measuring fluorescence profiles along the optical axis of the collection lens (tangent to the 
sample surface) and calculating the integrated absorption effect for each profile. A curve fit to 
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4.5, High Temprature Materials Tests (Sandia) (cont.) 

these data was then used to obtain Qrap as a function of distance from the surface for each value 
of the mixture ratio. 


The quenching correction factor Cq is the most important correction factor 
for the present experiments. The quenching rate can be written as 

Q =8n °\/S" ■ ( 2 > 

where n 0 is the total number density, and the species-averaged quenching cross section is 

s = ^ p a p roy5 . (3) 

Here, the summation is over the OH collision partners, with X p and G p being the mole fractions 
and collisional quenching cross sections of the collision partners. Species-averaged quenching 
cross sections were calculated by Philip Paul (Sandia National Laboratories, Reacting Flow 
Division, 8351) as functions of temperature for air/H2 mixture ratios of 6.5 and 5.5. These calcu- 
lations were based upon the equilibrium concentrations of major species at each value of temper- 
ature. This analysis showed that the species-averaged quenching cross sections for both the MR 
= 6.5 and MR = 5.5 cases scale very nearly as T'L2 within the temperature range of interest for 
the present hydrogen/air experiments (1600 to 2400K). Consequently, the overall quenching rate 
is proportional to 1/T and Cq can be approximated as T re f/T to good accuracy. 

Temperature Measurements 


Gas-phase temperature at each location in the boundary layer was determined 
by measuring the OH fluorescence signal for three transitions corresponding to three values of 
the ground-state rotational quantum number. We have used the S2i(5), S2i(8), and S2i(l 1) tran- 
sitions for v’ = v” = 0. Assuming that the collisional quenching rate of the excited OH molecules 
is independent of rotational levels at the high temperatures of interest here, the ratio of fluores- 
cence signals for any pair of transitions is related to the local temperature according to Eq. (4). 


F i = B ] ( 2J i+ 1 ) f- AEjjM 
F i _B j(2Jj + l) P l kT i 


(4) 
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4.5, High Temprature Materials Tests (Sandia) (cont.) 

where F is the linear fluorescence signal normalized by laser energy and averaged over 300 laser 
shots, B is the Einstein coefficient, J = N + 1/2, the subscripts i and j refer to the ground-state 
rotational level (N = 5, 8, or 1 1), AE is the energy difference between the two ground- stage 
levels in question, and h, c, and k are physical constants. By rearranging Eq. (4) we obtain 
Eq. (5), which is solved to determine temperature from each pair of fluorescence measurements 
at a given spatial location. 




-AE: 


u? 


1)J ln Bj(2Jj J + 1) 


f F: 


(5) 


Temperatures reported here are averages of the three temperatures obtained from Eq. (5) at each 
spatial location. 


For measurements close to the surface, scattering of the laser beam off the 
surface interferes with the fluorescence measurements. To account for this, measurements of the 
background scattering signal for each transition were made by tuning the laser off the OH line 
and subtracting the off-resonant signal from the fluorescence signal obtained with the laser at line 
center. 


In system operation tests a hydrogen-air flame was stabilized on the burner 
over a range of stoichiometries from fuel-lean to fuel-rich. The hydrogen-air flame was visible 
with the laboratory lights turned low and the flow appeared to be quite stable. Slight problems 
initially were experienced with the instability of the nitrogen shroud flow; the shroud flow line 
was modified so that the mass flow controller stabilized the flow rate. 

The MSTA sample holder/electrical heating system was also tested success- 
fully. An iridium foil was used for the test run. A pyrometer was used to measure the tempera- 
ture of the iridium surface. The measurements confirmed that the temperature of the sample 
could be increased significantly by electrical heating. After the test run, it was observed that the 
iridium foil was wrinkled and had a whitish haze, possibly from an oxide coating. The flame 
stoichiometry had been varied significantly during the test and it is not clear at what stoichiome- 
try the surface reactions had occurred. 
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4.5, High Temprature Materials Tests (Sandia) (cont.) 

Initial measurements were made of OH profiles in the burner for rich and 
stoichiometric hydrogen/air flames. We performed vertical scans from the burner surface to the 
surface of the material sample, and also measured OH fluorescence profiles in a horizontal plane 
2 mm below the material surface. 

The vertical OH profile in the rich flame is shown in Figures 4.5.1-10 and 
-11. Figure 4.5.1-10 shows the raw fluorescence profile. The data were recorded by tuning the 
frequency-doubled, Nd: YAG-pumped dye laser to the OH S 2 i( 8 ) rotational transition of the 
A 2 £ + 'X 2 n (0,0) electronic transition. This line was selected for its temperature insensitivity. 
The spectrometer bandpass was set to collect the entire R-branch of the A 2 £+ _ X 2 n (0,0) elec- 
tronic transition. This fluorescence excitation and detection scheme is identical to that used for 
turbulent flame measurements. 

As can be seen from Figure 4.5.1-10, scattered light is significant both at the 
burner surface and when the beam is within 1 mm of the material sample surface. We performed 
scans with the laser detuned from the OH resonance near the material sample surface (open 
circles in Figure 1) to determine the proportion of the signal due to scattered light. The scattered 
light was then subtracted from the total signal to give the profile shown in Figure 4.5. 1-1 1. 

Figure 4.5. 1-1 1 suggests that OH concentration is increasing near the burner 
surface, although large error bars (on the order of 20-40%) should be assigned to the two points 
closest to the burner surface. This increase is the opposite of what would be expected from 
recombination of OH at the surface. The surface may be inert for fuel rich stoichiometries, in 
which case the OH concentration is observed to decrease slightly near the burner surface for the 
stoichiometric case, indicating that recombination may be more important at leaner conditions. 

The computer simulations indicated that the thickness of the temperature- 
species boundary layer is 5 mm or less for the 1-atm test conditions and that the inner 1 to 2 mm 
will be most affected by surface reactivity. Therefore, high spatial resolution and good accuracy 
near the surface are essential. Spatial resolution is primarily determined by the diameter of the 
laser beam at the waste, which is ~ 100 pm, allowing good resolution of the boundary layer. 

Figures 4.5.1-12 and -13 show the orientation of the laser beam relative to the 
sample. The axis of the cylindrical sample is at 45° to the laser beam, and fluorescence is 
detected at 90° to the laser beam. This orientation allows measurements close to the surface and 
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0 2 4 6 .8 10 12 14 16 18 

Distance Above Burner Surface (mm) 


Figure 4.5.1-10. Laser-Induced Fluorescence (LIF) Profiles in a Rich (O = 1.35) Hydrogen/Air Flame. 

The Laser is Turned On and Off Resonance to Separate the OH Fluorescence 
Signal From Scattered Light From the Material Sample Source 
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Figure 4.5.1-11. OH LIF Profile in the Rich Hydrogen/Air Flame, With the Contribution 
From Scattered Light Subtracted 
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Figure 4.5.1-12. Orientation of the Material Sample Relative to the Laser Beam for Gas-Phase Measurements 




Geometry ofLIF Diagnostics in the MSTA 



Figure 4.5.1-13. In the MSTA, the Cylindrical Metal Foil is Held at a 45° Angle to the Axis of the User Beam 
for OH Fluorescence or Raman Scattering Measurements 






4.5, High Temprature Materials Tests (Sandia) (cont.) 

avoids obscuration of either the laser beam or the collection cone of the fluorescence detection 
system. 


Accuracy within 1 mm of the surface is affected by the relative magnitudes of 
the true OH fluorescence signal and the signal due to scattering of the laser light from the sur- 
face. We have developed a strategy that optimizes the ratio of these signals. Residual effects 
due to scattering from the surface are removed by repeating the boundary layer profile with the 
laser tuned off the OH transition and subtracting the resulting profile of scattered light intensity 
from the profile that includes both the fluorescence signal and the scattering signal. 

Figure 4.5.1-14 shows the measured OH fluorescence signal vs distance from 
the iridium surface for a 1-atm, MR - 6.5, hydrogen-air flame. Here, the OH signal decreases 
linearly in the region from 3 mm to 1 mm from the surface. This decrease is due to radical 
recombination in the post flame gases. The OH concentration boundary layer for this operating 
condition is only 1 mm thick. Within the boundary layer the OH fluorescence profile deviates 
significantly from the linear trend and drops rapidly toward a near zero value at the surface. This 
suggests that the surface serves to catalyze radical combination reactions, as assumed in one of 
the computer simulations, pulling the radical concentrations to low values near the surface. It is 
important to note that the surface temperature for the profile in Figure 4.5.1-14 was 2100°C. 

Black body radiation from this high temperature surface did not cause interference on the OH 
fluorescence measurements. 

The Raman scattering system used a doubled Nd: YAG laser (532 mm) rather 
than the CRF flashlamp-pumped dye laser. The dye laser, with its high energy and long pulse 
duration (2J,3 }is), is required for single-shot measurements in turbulent flames. However, the 
Nd:YAG provides a higher quality beam that can be focused down to the small diameter required 
for good spatial resolution in the MSTA boundary layer. Signals from the laminar MSTA flame 
are averaged over many laser shots to obtain accurate concentration profiles. 

Measurements made using a pulsed Nd:YAG laser show that laser light 
scattering from the material surface does not interfere with the Raman signals. Even the rela- 
tively weak nitrogen anti-Stokes signal appears to be free of interference. These are important 
results in themselves because they indicate that it should be possible to obtain temperature mea- 
surements in two ways: (1) from the nitrogen anti-Stokes to Stokes ratio, and (2) from the total 
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4.5, High Temprature Materials Tests (Sandia) (cont.) 

number density of the measured species, using the perfect gas law. Accurate temperature pro- 
files will be important in interpreting the OH concentration profiles and in evaluating the reac- 
tivity of the material surface. 

Measurements of the concentration profiles of major species (H 2 , O 2 , N 2 , and 
H 2 O) and the OH radical in the boundary layers below heated metal foil samples in the MSTA 
were made. Examples of the measured Raman and LIF profiles for an air-H 2 (MR = 6.5) flame 
with the surface temperature at 1400°C are shown in Figure 4.5.1-15. Some features of these 
data are discussed below. 

Modifications to the laser diagnostics system were required for simultaneous 
measurement of Raman scattering and laser-induced fluorescence (LIF) to facilitate measure- 
ments of concentration profiles very close to the high temperature material sample. These modi- 
fications included: tailoring the dimensions of the laser probe volume, masking the collection 
lenses, and altering the entrance aperture of the Raman polychromator. 

Tailoring the laser probe volumes : The beam focusing optics were modified 
to produce measuring volumes for the Raman and LIF systems that are elongated in the direction 
tangent to the material surface and compressed in the direction normal to the surface. The 
resulting beam profiles are approximately 100 p.m x 500 fim at the measurement location. 
Concentration gradients in the boundary layer are steep only in the direction normal to the sur- 
face. The spatial resolution of the measurements is, therefore, determined by the height of the 
probe volume. The elongated Raman probe volume allows the use of higher laser energies 
before gas breakdown occurs. This provides higher Raman scattering signal levels. The elon- 
gated LIF probe volume allows higher laser energies before saturation of the OH transition 
becomes significant. This also provides higher signal levels. 

Masking the collection lenses : The profiles shown in Figure 4.5.1-15 were 
obtained using the full collection lens apertures (f/2 for the Raman system, f/2.5 for the LIF sys- 
tem). The N 2 and H 2 O profiles are nearly constant until the probe volume is within approxi- 
mately 1 mm of the surface where we enter the thermal boundary layer. The temperature 
decreases toward the surface, which is at 1400°C, and the Raman signals increase as the local gas 
density increases. Within 500 |im of the surface, however, the Raman signals drop off sharply 
due to partial obscuration of the probe volume by the cylindrical material sample. (The view of 
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4.5, High Temprature Materials Tests (Sandia) (cont.) 

the probe volume from the top portion of the Raman collection lens becomes blocked.) By 
masking a portion of the upper half of each collection lens (Raman and LIF), we obtain mea- 
surements closer to the surface before the signals are affected by this partial obscuration. 

Modifyin g the polvchromator aperture : In the standard setup for measure- 
ments in turbulent flames, the entrance to the polychromator is a vertical slit perpendicular to the 
image of the laser beam. When the MSTA is operated with the surface at a high temperature 
(e.g., 2000°C), radiation from the surface interferes with the Raman signals. (Measurements 
with the surface at 1400°C show no measurable interference.) Consequently, the entrance to the 
polychromator has been changed from a slit to a rectangular aperture, as illustrated in Figure 
4.5.1-16. 


In addition, radiation from the material surface interferes with the Raman 
signals when the MSTA is operated with the surface at a high temperature (e.g., 2000°C). The 
current produced in the photomultiplier tubes by this background radiation exceeds the continu- 
ous current capability of the tubes/power supply, causing the gain of the tubes to drop signifi- 
cantly. Masking of the collection lens and the polychromator entrance slit are not sufficient to 
eliminate this interference when measurements are made very close to the surface, as required for 
the present experiments. Consequently, the detection system was gated with a Uniblitz mechani- 
cal shutter installed in the Raman detection system. The photomultiplier tubes are thus mechani- 
cally gated, and exposed to the surface emission for only a few msec/sec. In spite of these modi- 
fications, with the heated material surface at 2000°C, the background radiation exceeds the 
Raman signal on the nitrogen channel (the strongest Raman channel) by nearly an order of 
magnitude at a distance of 1 mm from the surface. Boundary layer profiles must extend to within 
100 to 200 Jim of the surface to be useful. Therefore, laser-induced fluorescence techniques 
were used for subsequent measurement of temperature profiles, as well as OH concentration 
profiles in the boundary layer. Temperatures were determined from Boltzmann plots of LIF sig- 
nals corresponding to transitions from several different ground-state rotational levels. 

Corrections were applied to account for the dependence of collisional quenching rates on rota- 
tional level. 


In preparation for the LIF measurements of temperature, a new frequency 
doubling system (Lumonics HyperTrak-1000) was installed that allows computer controlled 
scans over several OH transitions. Previously, the LIF system was set up to operate at a fixed 
wavelength. 
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Figure 4.5.1-16. illustration of Modification of the Polychromator 
Entrance Aperture. 
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4.5, High Temprature Materials Tests (Sandia) (cont.) 

Using the modified laser diagnostics system, OH fluorescence profiles were 
obtained with an iridium foil sample at several surface temperatures between 1670 and 2370 K 
(1400°C and 2100°C). The one-atm MSTA was operated with hydrogen-air flames at mixture 
ratios of 6.5 and 5.5. Linear OH fluorescence measurements were made by exciting the S 21 (8) 
(v’=v”=0) transition of OH at 303.3 nm and detecting R-branch fluorescence between 306 and 
307.5 nm. The ground state population fraction for this transition varies by only a few percent 
over the temperature range of interest, and the change in the collisional quenching rate is small 
for the conditions studied here. Therefore, the fluorescence profiles are relative OH concentra- 
tion profiles. Conversion of these data to absolute OH concentration profiles were carried out 
using calibration measurements that have been made in our standard flame. 

Figure* 4.5. 1-17 includes five OH fluorescence profiles at MR = 6.5 for irid- 
ium surface temperatures of T s = 1400, 1600, 1800, 2000, and 2100°C. Figure 4.5.1-18 includes 
corresponding profiles at MR = 5.5. In both cases the measured profiles extend to a distance of 
10 mm from the surface, and the burner is located 13 mm below the surface. Profiles in Figures 
4.5.1-17 and -18 are characterized by relatively flat regions between 5 mm and 10 mm. The OH 
fluorescence signal (relative OH concentration) begins to drop significantly for distances from 
the surface of less than 5 mm. These overall features of the outer portion of the measured pro- 
files are characteristics of the MSTA burner and are not associated with the boundary layer adja- 
cent to the sample surface. (This boundary layer is approximately 1 .4 mm thick, as shown by the 
temperature profiles discussed below.) The MSTA burner produces a matrix of high speed pre- 
mixed jets of fuel and oxidizer. Combustion occurs over a relatively broad reaction zone that is 
observed visually to extend 3-5 mm from the burner surface. Radicals (OH, H-atom, and O- 
atom) can be expected to be produced in super equilibrium concentrations via rapid binary 
shuffle reactions throughout this reaction zone, resulting in the observed broad region of high 
and nearly constant OH fluorescence signal. Beyond this initial reaction zone the OH concentra- 
tion begins to decay toward equilibrium via the relatively slow three-body recombination reac- 
tions. This decay toward equilibrium is still in progress as the combustion gases reach the 
boundary layer near the sample surface, making it difficult to distinguish the boundary layer 
thickness from the OH profiles alone. For both mixture ratios, the measured OH fluorescence 
signals at locations closest to the surface increase as the surface temperature increases. 

Temperature profiles were measured with an iridium sample for a mixture 
ratio of 6.5 and surface temperatures of 1670 K and 2370 K (1400°C and 2100°C). To determine 
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Figure 4.5.1-17. OH Fluorescence Profiles Obtained in the MSTA with an Iridium 

Sample at a) 1400, b) 1600, c) 1800, d) 2000 and e) 2100°C Exposed to * 
Hydrogen-Air Combustion Products at MR = 6.5. 
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4.5, High Temprature Materials Tests (Sandia) (cont.) 

temperature, OH fluorescence was measured for three transitions corresponding to three values 
of the ground-state rotational quantum number, the S2i(5), S2i(8), and S2i(l 1) transitions. As 
mentioned above, the fluorescence profile for S2i(8) excitation may be treated as a relative OH 
concentration profile under the present experimental conditions. 

Fluorescence profiles for each of the three transitions are shown in Figures 

4.5.1- 19 and -20 for surface temperatures of 1670 K and 2370 K, respectively. Figures 4.5.1-21 
and -22 show the resulting temperature profiles, with the open symbols corresponding to temper- 
atures derived from each pair of fluorescence measurements, and the solid circles corresponding 
to the average of the three values at each location. The outer portion of the profiles shows a 
gradual increase in temperature as the laser probe volume moves away from the burner (toward 
the iridium surface). This corresponds to energy release in the initial hydrogen-air reaction zone 
followed by additional energy release due to the slower radical recombination process. At loca- 
tions close to the surface, the uncertainty in measured temperature can be large because the OH 
fluorescence signals themselves become small close to the surface, and the signal-to-noise ratio 
decreases. Nevertheless, the presence of a thermal boundary layer is readily apparent (T s = 1670 
K). The thermal boundary layer is less apparent in Figure 4.5.1-22 (T s = 2370 K) because the 
surface temperature is comparable to the equilibrium temperature that the gas is approaching. 
This is a particularly interesting case because an inert surface at this temperature would allow the 
OH concentration to continue its approach toward equilibrium. 

The thickness of the thermal boundary layer can be determined more easily 
from Figure 4.5.1-23, which includes only the average temperatures for two conditions in 
Figures 4.5.1-21 and -22. As a visual aid, a smooth curve has been drawn to represent the 
expected behavior of the gas phase temperature in the absence of a solid surface. From Figure 

4.5.1- 23 the thermal boundary layer is estimated to be approximately 1.4 mm thick. 

Results for Ho/Air Cases 

Figure 4.5.1-24 shows boundary-layer profiles of OH concentration and 
temperature for a mixture ratio of 6.5 with an iridium foil at temperatures of 1670, 1970, 2270, 
and 2370K (3010, 3545, 4090, and 4270 R). In each case the outer portion of the temperature 
profile shows a gradual increase as the laser probe volume moves away from the burner and 
toward the specimen. This temperature increase occurs outside the boundary layer and can be 
explained as follows. When the MSTA is operated with hydrogen and air, the primary reaction 
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Figure 4.5.1-21. Temperature Profiles Based on the OH Fluorescence 
Measurements (MR = 6.5, Iridium Sample at 1670K). 
Open Symbols Correspond to Temperatures Determined 
from Eq. (2) for Pairs of Transitions: a, S21 (5)-S2i (8): 
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Figure 4.5.1-22. 


Temperature Profiles Based on the OH Fluorescence 
Measurements (MR =6,5, Iridium Sample at 2370K). 
Open Symbols Correspond to Temperatures Determined 
from Eq. (2) for Pairs of Transitions: a, S 21 (5)-S2i (8): 
O, S21 (5)-S21 (11); v, S21 (8)-S21 (11). The solid 
Circles are Averages of the Three Values at Each 
Location. 
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Figure 4.5.1-23. Average Temperature Profiles for the Iridium Sample at 1670 K 
(Closed Symbols) and 2370 K (Open Symbols). The Curve is 
Provided as a Visual Aid to Represent the Undisturbed Gas 
Temperature. 
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Figure 4.5.1-24- Profiles of OH Concentration and Temperature for MR=6.5 Air/H 2 

Combustion Products with Iridium Specimen Surface Temperatures of 
1670, 1970, 2270 and 2370K. Measurements are Shown by the Open 
Symbols. The Curves in the OH Plots Show Equilibrium Concentration 
Profiles Based upon Fits to the Temperature Profiles. 
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4.5, High Temprature Materials Tests (Sandia) (cont.) 

zone is observed to extend 3-5 mm from the burner, which is 13 mm below the specimen. The 
concentrations of radicals (OH, H-atom, and O-atom) reach their maxima in this primary reaction 
zone. These radicals recombine to form H 2 O via relatively slow three-body reactions, and the 
temperature continues to increase as the radical concentrations decay toward equilibrium. The 
profiles of OH concentration show a corresponding decrease with increasing distance from the 
burner. The thickness of the boundary layer near the sample surface can be determined from the 
temperature profile for the case with T$ = 1670K, which shows a distinct deviation from the 
temperature trend beginning approximately 1.4 mm from the surface. The boundary layer is less 
apparent in the OH profiles, which decrease monotonically in all cases due to the radical recom- 
bination process. 


At locations close to the surface the OH fluorescence signals become small, 
and the signal-to-noise ratio decreases, causing the uncertainty in measured temperature to 
increase. Consequently, we have calculated the correction factors Cq and Cf in Eq. (1) using the 
results represented by the solid curve in each temperature plot. Each curve combines a linear fit 
to the data outside the boundary layer with an exponential term that brings the profile to the mea- 
sured surface temperature at x = 0. Recall that surface temperature is measured using a two- 
color pyrometer. 


Based upon these fitted temperature profiles, equilibrium OH concentration 
profiles were calculated and are shown as solid lines in the concentration plots of Figure 
4.5.1-24. With the exception of the near- wall points in the cases with iridium surface tempera- 
tures of 2270 and 2370K, the measured OH concentrations are significantly above equilibrium. 
The super equilibrium OH concentrations within the boundary layer result from the fact that the 
convective time between the primary reaction zone and the outer edge of the boundary layer is 
not sufficiently long to allow the radical concentrations to reach full equilibrium. It is reasonable 
to assume that the rapid binary reactions are in partial equilibrium everywhere for the present 
experimental conditions because the characteristic chemical kinetic time scale for these reactions 
if of order 20 ps, which is small compared to the convective flow times in the MSTA. (A 
possible exception occurs for the near-surface locations in the profile with T$ = 167 OK, because 
the binary reaction rates are strongly temperature dependent.) Therefore, the super equilibrium 
OH concentrations of H-atoms and O-atoms are also significantly above equilibrium. 
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4.5, High Temprature Materials Tests (Sandia) (cont.) 

Profiles of OH concentration and temperature for the air/H 2 , MR = 5.5 cases 
with iridium surface temperatures of 1670, 1970, arid 2270K are shown in Figure 4.5.1-25. Due 
to the richer condition of the flame, the measured OH concentrations are lower than for the cor- 
responding MR = 6.5 cases. However, measured OH concentrations are again significantly 
above equilibrium, with the exception of the near- surface data for the highest surface temperature 
case, Ts = 2270K. 

For both MR = 6.5 and MR = 5.5 the measured OH concentrations at loca- 
tions closest to the surface increase as the surface temperature increases. However, the relative 
increase is much less than that for the equilibrium OH concentrations based upon the measured 
surface temperatures. Figure 4.5.1-26 shows the temperature dependence of the equilibrium OH 
concentration for air/H 2 (MR = 6.5 and 5.5) at atmospheric pressure. For MR = 6.5 the equilib- 
rium concentration increases by a factor of nine between 1970 and 2270K, while the measured 
concentration at the points closest to the surface increases by less than 50 percent. This result 
suggests that the radical recombination process dominates the characteristics of the OH concen- 
tration profile and that the influence of surface chemistry is secondary. 

Experiments were also carried out with platinum foil samples in the MSTA. 
When the l-mil platinum foil was firmly clamped, it buckled immediately upon exposure to the 
flame due to thermal expansion. Consequently, profiles were obtained with the specimen loosely 
held around the boron nitride mandrel, and the electrical heating system was not used. Figure 
4.5.1-27 includes profiles of OH concentration and temperature for air/H 2 combustion at MR = 

6.5 and MR = 5.5 with the platinum surface at the radiative equilibrium temperature of 1670K 
(3010 R). These profiles are similar to those obtained with the iridium samples. This result indi- 
cates either that there is not a significant difference in surface reactivity for these two metals 
under the present experimental conditions or that, as suggested above, the OH concentration 
profile is determined primarily by the radical recombination process. 

Results for H 9 /O 0 Cases 

Boundary-layer measurements were obtained for an iridium foil sample 
exposed of H 2 /O 2 combustion products at mixture ratios of 6.5 and 5.5. In the absence of N 2 , the 
rotational energy transfer rate for OH in the combustion product stream decreases significantly. 
Consequently, saturation effects in the fluorescence measurements become important at lower 
laser energies in the H 2 /O 2 flames than in the H 2 /air flames. (The fluorescence signal is no 
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Figure 4.5.1-25. Profiles of OH Concentration and Temperature for MR=5.5 Air/H? 

Combustion Products with iridium Specimen Surface Temperatures of 
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Figure 4.5.1-26. Equilibrium OH Concentration as a Function of 
Temperature for MR=6.5 and MR= 5.5 Air/H 2 
Combustion Products. 
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“igure 4.5.1-27. Profiles of OH Concentration and Temperature for a) MR=6.5 and b) MR=5.5 
Air/H 2 Combustion Products with a Platinum Specimen Surface 
Temperature of 1670K. Measurements are Shown by the Open Symbols. 
The Curves in the OH Plots Show Equilibrium Concentration Profiles 
Based upon Fits to the Temperature Profiles. 
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4.5, High Temprature Materials Tests (Sandia) (cont.) 

longer linearly related to the laser energy in the probe volume unless a very low laser intensity is 
used.) Due to this complication, calibration measurements in our standard H 2 /air reference flame 
cannot be used to convert the fluorescence profiles in the H 2 /O 2 cases to OH concentration pro- 
files. It may be possible to use the fluorescence trapping profiles measured in the flames to 
determine OH concentration. However, in this report we include only the relative fluo- 
rescence profiles and temperature profiles. We note that this saturation effect in the H 2 /O 2 
flames has only a small effect upon the temperature obtained from the fluorescence 
measurements. 


Figures 4.5.1-28 and -29 show results for the MR = 6.5 case with an iridium 
specimen at the radiative equilibrium temperature of 1990K. Figure 4.5.1-28 shows the bound- 
ary layer profiles of OH fluorescence for the three transitions used in the temperature measure- 
ments. The corresponding temperature profile is shown in Figure 4.5.1-29. In contrast to the 
results for the H 2 /air cases, this temperature profile shows a gradual decrease between 8 mm and 
3 mm, as the laser probe volume moves away from the burner and toward the sample surface. 
This decrease most likely results from energy loss due to radiation from the high-temperature 
(~3000K) combustion products being greater than the energy gain from radical recombination. 
The edge of the thermal boundary layer is not well resolved. However, the OH fluorescence pro- 
files display a significant change in slope just inside the 1 mm location that is clearly a boundary- 
layer effect. 


Results for the iridium foil with MR = 5.5 are shown in Figures 4.5.1-30 and 
-31. The temperature profile is similar to that for MR = 6.5, and the fluorescence levels are 
lower, as would be expected for the lower mixture ratio. An unexpected result is that the surface 
temperature measured by the two-color pyrometer is significantly higher for the MR = 5.5 case 
(2100 vs 1990K for MR = 6.5). 

4.5.2 Surface Measurements 

A wide range of advanced diagnostics was used to obtain data to aid in mod- 
eling the processes involved in the interaction of high temperature chamber materials and the 
rocket engine environment. These techniques have been developed and used by Sandia exten- 
sively to characterize materials and combustion products and their interactions. 
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Transitions S 21 (5), S 21 (8) and S 21 (11) for 
the Case with Iridium Sample and O 2 /H 2 Combustion 
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Figure 4.5.1-29. Profile of Temperature Determined from the OH 
Fluorescence Measurements Shown in Figure 
4.5.1-25 for the Case with an Iridium Sample 
and O 2 /H 2 Combustion Products at MR = 6.5 



Figure 4.5.1-30. Profiles of the Fluorescence Signal for Three Transitions S 21 (5), S 21 (8) and S 21 (11) 
for the Case with an Iridium Sample and 0 2 /H 2 Combustion Products at MR=5.5 
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Figure 4.5.1-31. Profile of Temperature Determined from the OH Fluorescence Measurements Shown in Fiq 
4.5.1-27 for the Case with an Iridium Sample and O 2 /H 2 Combustion Products at MR=5.5 



4.5, High Temprature Materials Tests (Sandia) (cont.) 

The range of the experimental program conducted during this portion of the 
contract is shown in Table 4.5.2- 1. This table shows the specimen material, the type of diagnos- 
tic technique used, and the experimental conditions in terms of temperature, exposure time, and 
atmosphere. 


The experimental conditions and results are described in the following sec- 
tion, along with the development of models to aid in interpreting and extending the results. The 
specific measurements listed in the table are keyed to the figures or table where the results are 
shown. 


Techniques investigated at Sandia for specimen surface monitoring included 
Raman surface scattering and Second Harmonics Generation (SHG). The Raman analysis is a 
linear effect which can identify oxide phases on iridium and rhenium surfaces under high temp- 
erature, hostile conditions. The technique is simple, rapid, and non-perturbing. The setup for 
demonstration of the Raman analysis capability is shown schematically in Figure 4.5.2- 1. The 
experimental setup consists of a high temperature furnace for controlling specimen temperature, 
an argon ion laser for probing the surface, and optics to image scattered light from the surface on 
to a detection system consisting of a spectrograph coupled to a diode array. 

The SHG system utilizes nonlinear, second-order optical effects, and can 
detect oxide layers less than one atom deep on high temperature surfaces. The technique has fast 
time response and can monitor kinetic processes, such as diffusion through a barrier layer. 

Figure 4.5.2-2 is a schematic showing the major components of the system. In this case the sur- 
face is illuminated with the output of a tumable dye laser driven by a neo-dynium- YAG laser. 
For checkout purposes, the specimen is mounted in a vacuum chamber. This permits calibration 
of the SHG system with conventional Auger spectroscopy which requires high vacuum opera- 
tion. 


This task consisted of the demonstration of advanced laser and surface diag- 
nostics for the characterization of relevant material surfaces before, during, and after high temp- 
erature exposure. While Sandia has had extensive experience using surface Raman to examine a 
wide variety of materials, spectra have not been reported previously for the materials of interest. 
The demonstration of diagnostic technique required first obtaining phase pure samples of the 
oxides of platinum, rhenium, and iridium for the purpose of developing a data base of standard 
spectra for later comparison with high temperature experiments. 
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Figure 4.5.2-1. Raman Surface Analysis System 
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Figure 4.5. 2-2. Second Harmonic Generation Surface Analysis 
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4.5, High Temperature Materials Tests (Sandia) (cont.) 

X-ray diffraction data have been obtained on powder samples of IrC> 2 , ReC> 3 , 
and PtC >2 to verify that the oxide phase is what the manufacturer claimed it to be. For some sam- 
ples there was significant metallic contamination rendering them useless as standards. Figure 

4.5.2- 3 shows Raman spectra for power samples deemed reasonably phase pure by X-ray 
diffraction. These spectra form the basis of a data set of oxide standards relevant to our research. 
The Raman spectroscopy system is shown conceptually in Figure 4.5. 2-4. 

As a second step in demonstrating surface Raman spectroscopy, Ir foil was 
heated in oxygen while optical spectra were recorded. Figure 4.5.2-5 shows the results of 
heating to 1000°C in oxygen for 15 min. Four spectra are shown, one of the foil prior to heating 
and three taken at elevated temperature during cooling from 1000°C. They clearly demonstrate 
detectable oxide formation at temperature. The success of this experiment was crucial to demon- 
strating that the next phase of the research using the MSTA would be feasible. Figure 4.5.2-6 
shows a SEM of the foil surface after heating in oxygen to 1250°C for one hour. What used to 
be a smooth featureless surface has been transformed into a rough oxide with a morphology 
exhibiting crystallographic features. 

The laser Raman work was followed by post exposure characterization using 
Auger and sputter Auger analysis. Figure 4.5. 2-7 is a sputter depth profile into the IrC >2 surface. 
Assigning an accurate depth scale is difficult due to the rough morphology and unknown sputter 
rate. The data are plotted in terms of sputter time which is roughly linearly proportional to depth. 
For comparison, tantalum oxide is sputtered detected at a rate of 167 A/min under these same 
conditions. The apparatus used for these measurements are shown conceptually in Figures 

4.5.2- 8 and -9. Auger spectra for pure Ir metal and Ir after exposure at 1250 C to O 2 are shown 
in Figures 4.5.2-10 and -11. 

Coating experiments were conducted to examine fundamental materials 
properties such as oxidation and interdiffusion under high temperature oxidizing environments. 

A 1.4 micron thick Ir coating was sputter deposited on top of a rhenium foil and heated in vac- 
uum to 1600°C for 45 min. The depth profile before and after heating is shown in Figures 4.5.2- 
12 and -13, respectively. Prior to heating, there is a well defined interface between the Ir coating 
and Re substrate. After heating, the depth profile shows complete interdiffusion between the two 
materials forming a mixed zone which has approximately an equal composition of Ir and Re and 
is twice as thick as the original Ir layer. The surface morphology after heating, shown in Figure 

4.5.2- 14, is no longer mirror-like, but is rough indicating possible formation of a second phase. 
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Figure 4.S.2-3. Raman Spectra - Oxide Standards 
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Figure 4.S.2-4. Raman Spectroscopy - A Surface Analytical Too 
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Figure 4.5.2-S. Ir - After 15 Min/1000 c in Oxygen 




Figure 4.S.2-6. SEM of Foil Surface After Heating in Oxygen to 
1250C for One Hour 
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Figure 4.S.2-8. Auger Spectroscopy - A Surface Analytical Too 
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Figure 4.5.2-12. Depth Profile 


1 . 1 



TIME (MIN.) 


and After Heating 



Atomic % 



0 1.5 3.0 4.5 6.0 7.5 


Depth pm 


Figure 4.5.2-13. After Heating -1600 C/45 Min/Vacuum 




Figure 4.5.2-14. Surface Morphology After Heating 
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4.5, High Temprature Materials Tests (Sandia) (corn.) 

These results were surprising as they suggest that Ir should not work as a 
protective film. However, Aerojet has demonstrated that Ir works under real operating environ- 
ments. For the materials used in those tests, the Ir coatings on the rocket engines are ~35 times 
thicker than what we have used here so that it will take longer for the Re to reach the surface than 
in our case. If diffusion is the “rate limiting” step, then the time to failure for these engines may 
have an incubation period that would be related to the thickness of the Ir coating. Alternatively, 
we may speculate that the reaction of the alloy surface with the hot exhaust gases is appreciably 
different than that for the pure Re or Ir metals. Clearly we need to understand more about both 
the solid state diffusion of the two metals and the reactivity of the Ir-Re alloys surface formed at 
high temperature with the oxidizing environment. 

It has been demonstrated that it is possible to detect I 1 O 2 using a Raman 
probe on an iridium sample at elevated temperatures in an oxygen environment. During the 
course of these measurements it was found that the windows of the Raman cell gradually become 
darkened with a deposit, presumably a result of the reaction of iridium with oxygen. Raman 
spectra of these products show that the window deposit is in fact stoichiometric I 1 O 2 . Figure 
4.5.2-15 shows a comparison of the Raman spectra for the deposit and the Raman spectra taken 
on the I 1 O 2 standard. These results confirm the picture of material loss through the volatilization 
of stoichiometric metal oxide during high-temperature exposure to oxygen. 

An Auger sputter depth profile of an iridium surface after 1000 C exposure to 
oxygen is shown in Figure 4.5.2-16. This is an extension of the previous work at 1250 C which 
showed oxide formation following 1 hr exposures in 1 atm oxygen. The data in Figure 4.5.2-16 
shows that there is considerable oxide growth on an iridium sample held at a lower temperature, 
1000 C, after only 15 min. The calibration of the depth scale is taken from sputtering experi- 
ments on tantalum oxide standards and should be considered as only approximate due to surface 
morphology effects. 

Platinum is used for the BLT. It does not see excessively high temperatures. 

In order to examine the oxidation resistance of Pt, specimens have been exposed to O 2 at near 
atmospheric pressure. The data plotted in the lower curve in Figure 4.5.2-17 were taken on a Pt 
coupon after exposing it at 1250 C to oxygen for a one-hour period. The data plotted in the top 
curve in this figure are for the Pt02 standard. It is clear from these spectra that there is no evi- 
dence for growth of platinum oxide under these conditions. These results are quite striking when 
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Figure 4.5.2-15. Raman Spectra from Deposit which Forms 
on Furnace Window when Heating Iridium in 
Oxygen. Comparison with Standard Spectra 
Shows that the Deposit is Sr02 
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Figure 4.5.2-16. Auger Sputter Profile of an Iridium Sample Heated 
to 1000 C for 15 min. in Oxygen at 1 Atmosphere 


133 




Intensity (arb. units) 



Raman Shift (cm-1) 


Figure 4.5.2-17. Surface Raman Spectra of a Platinum Sample 
Heated to 1250 C in 1 Atmosphere of Oxygen for 
1 Hour Showing that there is no Formation of Pt02 
on the Pt Metal 
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4.5, High Temprature Materials Tests (Sandia) (cont.) 

compared to similar data for Ir (Figure 4.5.2-18). It is clear that Pt is not nearly as vulnerable to 
oxygen attack as is either Ir or Re. 

Additional Raman studies were made to characterize the low temperature 
onset of I 1 O 2 formation. Figure 4.5.2-19 shows Raman spectra taken on Ir samples held at 650 C 
in one atm of O 2 for two hours. The initial spectra show that an I 1 O 2 layer can be seen forming 
in the furnace environment even at these relatively low temperatures. In addition, there is a large 
change in the Raman shift for both peaks of Ir02 as a function of temperature. This is quite 
interesting as it is indicative of either a phase change or a change in stoichiometry as a function 
of temperature. 


Figure 4.5.2-20 shows the surface Raman spectrum of these samples at room 
temperature after removal from the furnace. This latter spectrum is taken to eliminate any arti- 
facts which may arise from scattering from the furnace windows. 

Figure 4.5.2-21 shows the Auger depth profile from this oxide. It should be 
compared with the depth profile taken for a 1250 C exposure shown in Figure 4.5.2-7. The 
approximate oxide thickness for this specimen is -200 A for the 1250 C exposure. What is 
remarkable here is that the Raman technique is sensitive to such a thin layer of iridium oxide, an 
indication of the large strength of the scattering cross section in this material. 

X-Ray Diffraction Measurements 

X-ray diffraction (XRD) methods have been initiated to study the thin films 
formed on Ir and Re after high-temperature exposure to oxygen. Analysis of an Ir foil that was 
heated to 1250 C in O 2 for one hour shows the formation of the tetragonal phase Ir02 (Figure 
4.5.2-22). Diffraction peaks corresponding to both the oxide (starred peaks) and the underlying 
Ir metal are observed in the XRD spectra. 

XRD measurements were also made on Ir coated Re heated to 1400 C in vac- 
uum (~10 -6 Torr) for 45 minutes. Previous Auger depth profiles have shown that there is com- 
plete intermixing of the two components after heating to 1600 C in vacuum (Figure 4.5.2-13). 
XRD spectra show peaks corresponding to the Ir coating and the Re foil substrate as well as 
unidentified peaks which are thought to result from an Ir-Re solid-solution or intermetallic phase 
of unknown stoichiometry, see Figure 4.5.2-23. There are no reported Ir-Re phases in the XRD 
standard database. 
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Figure 4.5.2-19. 


Surface Raman Spectra of an Iridium Foil Heated 
for Two Hours in One Atmosphere of Oxygen at . 
650 C. The 300C and RT Data were Taken During 
Cooling from 560 C 
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Figure 4.5.2-20. Raman Spectra of Iridium Foil Exposed to One 
Atmosphere Oxygen at 650 C for Two Hours 
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Figure 4.5.2-21. Sputter Auger Depth Profile of the Iridium Dioxide 
Layer Formed on Iridium after 650 C Anneal in 
Oxygen 
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Figure 4.5.2-22. X-Ray Diffraction Spectrum for the Oxide Formed 
on Iridium after Heating to 1250 C in Oxygen 





Figure 4.5.2-23. XRD Spectrum of an Iridium Coated Rhenium Foil 
Heated in Vacuum to 1400 C for 45 Minutes 
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4.5, High Temprature Materials Tests (Sandia) (cont.) 

Ir-Re Diffusion 

The data in Figure 4.5.2-13 show that after heating a Re sample coated with 
£a. 1.5 microns of Ir to 1600 C for 45 min in vacuum, the surface composition is nearly equal in 
Ir and Re. The interdiffusion of these two species is extremely important for life predictions of 
coated nozzles, because as the Re breaks through to the surface, it can be lost from the sample 
through the formation of volatile oxides. In order to make a predictive model to calculate 
expected coating life under different oxidizing environments at appropriate operating 
temperatures, we made a series of measurements aimed at quantifying the diffusion constant 
relevant to the Ir/Re system. Our first measurements are shown in Figure 4.5.2-24 along with a 
1 -D theoretical fit. 


The data shown in this figure were obtained using the technique of sputter 
Auger depth profiling. The Re specimen was initially coated with ca. 2.5 microns of Ir using 
Sandia’s sputter deposition apparatus. The sample was heated in vacuum to 1200 C for 45 min 
and then depth profiled. Only Ir and Re were found to be present in the Auger spectra (the data 
in the figure show only the Ir concentration vs depth). The experimental data were fit to a 
theoretical expression for diffusion of an extended source of limited extent (Ref. 8). 


G = 


^ C Q I erf 


h-z 

TToi 


+ erf 


h+x ] 

2 /Dtl 


Here C is concentration as a function of time and distance, C 0 is the concentration at time equal 
zero, h is the depth of the Ir coating on Re, t is the time, x is the distance, and D is the diffusion 
coefficient. From the theoretical fit we obtain a value for the diffusion coefficient at 1200 C of D 
- 2 - 4 x 10-12 cm 2 / sec. The X-ray diffraction data indicate that Ir is diffusing preferentially into 
the Re but do not provide a value for the activation energy and pre-exponential. This required a 
plot of the diffusivity vs Iff which gives an activation energy, E a , once D has been measured at a 
number of different temperatures above and below 1200 C. 

X-ray diffraction analyses were carried out on sintered pellets consisting of 
pressed powders of Ir and Re in order to understand further the corresponding studies of thin- 
film coatings of Ir on Re. Pellets weighing approximately 5 g were pressed from 50:50 mixes 
(atomic %) of pure Ir and Re powders. The pellets were heated up to 1800 C in vacuum. The 
resulting diffraction spectra were identical to spectra observed for heated thin-films of Ir and Re 
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Figure 4.5.2-24. Auger depth profile of rhenium coated with -2.5 p off ir, Heated to 1200 °C for 
45 minutes. A theoretical fit to the data is shown (solid line). From this a 
diffusivity 2.4 x 10‘ 12 cm 2 /sec is calculated for T=1200°C. 
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4.5, High Temprature Materials Tests (Sandia) (cont.) 

powders. The pellets were heated up to 1800 C in vacuum. The resulting diffraction spectra 
were identical to spectra observed for heated thin-films of Ir on Re foils. Figure 4.5.2-25 
compares X-ray diffraction spectra for a pressed pellet and a thin-film specimen (peaks that do 
not appear in the pellet spectra result from a small Ta contamination from the furnace). The 
combination of thin-film and pressed pellet studies indicate that, upon heating, the Ir-Re reaction 
produces a solid solution phase of hexagonal close packed (h.c.p.) structure with lattice 
parameters similar to those of pure Re. These data correspond to earlier studies of h.c.p. noble 
metal alloys (Ref. 9). The lattice parameters calculated for the characteristic phase produced in 
the thin-film and pressed pellet samples correspond to a atomic composition of approximately 
Re-40% Ir, based on data reported in the earlier studies of these materials. In Figure 4.5.2-26 the 
diffusion constants obtained as a function of temperature are plotted. 

Diffusion is generally modeled as an activated process 
D = D 0 e-E/FT 

where E is the activation energy for diffusion, T is the temperature, and k is Boltzmann’s con- 
stant. Based on the fit shown in the figure an activation energy of 1.85 eV is measured. This 
activation energy is roughly half of the estimated self diffusion energy for iridium or rhenium. 
Activation energies of this magnitude are typical of grain boundary diffusion. This is the most 
likely diffusion mechanism in this case. 

These measurements of the activation energy allow the prediction of diffu- 
sion rates at thruster operating temperatures. The composition profile predicted for a 50pm Ir 
coating on Re annealed at 2000°C for 5 hours is shown in Figure 4.5.2-27. For these exposure 
conditions, ~20% Re is predicted at the surface. Diffusion of this magnitude would likely lead to 
failure by volatilization of rhenium oxides at the surface. Fortunately, measurements of CVD 
coatings at Aerojet indicate a much slower diffusion rate with an interdiffusion zone on the order 
of 8pm thick after two hour vacuum anneal at 2200°C. For sputter-deposited coatings at temp- 
eratures >1500°C, we have also observed slower diffusion than predicted using 1.85eV activa- 
tion energy. This discrepancy was clarified by subsequent re-evaluation of the diffusion process 
as one of diffusion into a semi-infinite medium where the boundary is kept at a constant 
concentration. 
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Figure 4.5.2-25. Comparison of X-ray diffraction spectra for heated ir-Re 
pellet (top), heated thin-fiim deposit (Middle), and as 
depositd thin-film of Ir on Re (bottom). The h.c.p. solid 
solution phase is identified by the black dots above each 
of its corresponding peaks. The Re peaks in the heated 
thin-film (middie-spectra) correspond to the underlvina 
Re foil. 
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Figure 4.5.2-27. Composition Profile Predicted for a 50jxm Ir Coating on Re Annealed at 2000°C for 5 Hours 



4.5, High Temperature Materials Tests (Sandia) (cont.) 

In order to better understand the mechanisms of diffusion in CVD Ir-Re an 
end ring sample was fractured in ultra high vacuum and then analyzed using scanning Auger 
microscopy. This technique is invaluable since it provides information on grain boundary com- 
position which cannot be obtained by other methods. Since grain boundary diffusion is much 
more rapid than bulk diffusion it generally dominates the overall diffusion process in engineering 
materials. Obviously the rate of grain boundary diffusion can be affected by impurities which 
concentrate preferentially at grain boundaries due to segregation or precipitation from the bulk. 

A fracture sample was prepared from Ultramet CVD Ir/Re cut from an end 
ring, part no. 7154-3-2-L-4 dated 8/8/90. Notches were cut in a small rectangular sample which 
serve to initiate fracture with the fracture plane containing a cross section of the Ir/Re interface. 
This geometry allows examination of freshly fractured Ir, Re, and of the interdiffusion zone 
formed during CVC processing at temperature. See Figure 4.5.2-28. The sample was cooled to 
about -150°C in order to insure low ductility during fracture. The sample was fractured inside 
the Auger vacuum system at a pressure of 2 x 10‘ 10 torr. During fracture some delamination was 
observed, resulting in a fissure. This delamination is probably related to the delamination 
observed at this interface in some previous CVD samples. One must bear in mind that the pro- 
cess of fracture imposes severe stresses on the material which do not occur in normal use. Thus 
this delamination is probably not significant for normal operation of the thrusters. The Ir layer 
and the Ir/Re interdiffusion zone fractured intergranularly while the Re layer had a mixed frac- 
ture mode with some grains breaking and exposing bulk material during the fracture process. 

Working quickly in order to minimize contamination from the background 
gases in the vacuum system, Auger spectra were collected from various points along the fracture 
to determine grain boundary composition. Figure 4.5.2-29 shows Auger spectra from the surface 
of a rhenium grain. The rhenium grain boundaries showed carbon with a carbidic peak shape. 

The carbon concentration was between 20 and 23 atomic % (this is an average value for the outer 
several atomic layers). These results are consistent with a model having approximately two 
monolayers of rhenium carbide in the grain boundary. The rhenium grain boundaries also 
showed an oxygen concentration of 11 to 15 atomic %, consistent with submonolayer concen- 
trations of oxide at the fracture surface. 

Since carbon (from background CO) and oxygen (from background CO and 
H 2 O) are common contaminants in vacuum systems which easily form on freshly cleaned or 


RPT/H0080.13&T4 


148 


12/1/94 




Figure 4.5.2-28 Geometry and Approximate Dimensions for 
Fracture Sample 
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4.5, High Temperature Materials Tests (Sandia) (cont.) 

fractured surfaces, experiments were also conducted to determine the maximum level of contam- 
ination that could possibly have occurred from the background. After completing the above 
analysis, the fracture surfaces were cleaned by sputtering and then exposed to the background 
vacuum gases at 2 x 10'^ torr. Figure 4.5.2-30 shows the atomic % for carbon and oxygen 
observed as a function of time during exposure to background and electron beam. After vacuum 
and electron beam exposures similar to those experienced during the analysis of freshly fractured 
samples, carbon and oxygen levels grew to about 6 atomic % on rhenium. The peak shape for 
the carbon was carbidic indicating the propensity of rhenium to form carbide. On iridium, 3 
atomic % of graphitic carbon was observed with no oxygen after comparable background and 
.beam exposure. These results allow us to be confident that the carbon and oxygen observed on 
the fractured surfaces are largely due to grain boundary species which form preferentially by seg- 
regation or precipitation from the bulk. 

In addition to examination of the grain boundaries in Re and Ir, the material 
in the interdiffusion zone where delamination had occurred during fracture was studied. The 
material on the rhenium side after delamination of the iridium showed a 2:1 atomic ratio for Ir:Re 
.indicating substantial interdiffusion as expected. The analysis confirms that delamination had in 
fact occurred in the interdiffusion zone. 

The presence of rhenium carbide in the grain boundaries could clearly affect 
the rate of interdiffusion for these thrusters. Suggestions have been made at JPL that efforts 
should be made to eliminate all carbon from these materials assuming it to be a deleterious con- 
taminant. We would urge caution until the harmful effect of carbon is demonstrated. It is con- 
ceivable that the carbon may slow diffusion. Further studies of the effect of carbon in these oxi- 
dation resistant coatings are desirable. 

Interdiffusion of iridium and rhenium occurs slowly in Ultramet CVD end 
ring samples compared to diffusion couples prepared by sputtering iridium onto rhenium foil at 
Sandia. This relatively slow interdiffusion rate is critical to the successful operation of thrusters 
since rapid diffusion of rhenium through iridium would result in catastrophic failure due to 
vaporization of volatile rhenium oxides. In order to understand this slow interdiffusion, we have 
examined end ring sections using electron microprobe analysis (EMPA) and X-ray diffraction 
(XRD). Since Ir and Re are chemical vapor deposited at elevated temperature, some interdiffu- 
sion occurs during thruster manufacture. End ring sections were also annealed at high tempera- 
tures to determine if further interdiffusion and/or grain growth occurs during thruster operation. 
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Figure 4.5.2-30. Atomic Compositions Measured From Freshly Sputtered Rhenium Surface During 
Exposure to Ambient Vacuum and Electron Beam 



4.5, High Temperature Materials Tests (Sandia) (cont.) 

A sample was cross sectioned from an end ring, Part No. 7154-3-2-L-4, and 
polished perpendicular to the Ir-Re interface. Figures 4.5.2-31 and 4.5.2-32 are micropho- 
tographs of this cross-section. The Ir surface (to be exposed to combustion gases during opera- 
tion) shows two Ir-Mo interdiffusion layers with a total thickness of 2-3 pm. X-ray analysis 
identifies these layers as IrMo and Ir 3 Mo, presumably formed by reaction between Ir and the Mo 
mandrel used for fabrication. Similar results have been seen for the inner Ir surface of all CVD 
samples analyzed at Sandia. 


Also visible in Figures 4.5.2-31 and 4.5.2-32 is a narrow Ir-Re interdiffusion 
region less than 3 |im thick. Figure 4.5.2-33 shows electron microprobe analysis of the 
elemental composition as a function of distance across this interdiffusion region. X-ray 
diffraction identifies a diffusion layer phase with approximate composition Ir 6 oRe 4 o- This 
composition is estimated based upon lattice parameter calculations and other investigations of 
the Ir-Re solid solution system reported in the open literature. A similar composition has also 
been seen at the Ir/Re interface of diffusion couples produced at Sandia by sputter deposition of 
Ir on Re foil with subsequent vacuum annealing. The formation of a stable composition in the 
interdiffusion layer appears to occur for all Ir/Re interdiffusion systems studied to date and 
suggests the possibly of a blocking layer which acts as a diffusion barrier. 

Figure 4.5.2-31 also shows a 40 |Lim zone in the Re adjacent to the Ir/Re inter- 
face which contains small microvoids. These microvoids are presumably formed as Re is 
removed by diffusion into the Ir overlayer. These voids occur randomly and are not associated 
with grain boundaries. The absence of voids near the grain boundaries would argue in favor of 
bulk diffusion as the dominant mechanism for interdiffusion during formation of these coatings. 
In addition to the microvoids, second phase particles and structures were observed in the Re 
adjacent to the Ir/Re interface (see Figure 4.5.2-34) Examination of the remainder of the CVD 
rhenium revealed four distinct Re layers with varying grain size and morphology. The layers 
showed progressively larger grain size and equiaxed grains toward the Ir/Re interface. 

A sample was cut from an end ring, Part No. 7154-3-2L-4, and annealed in an 
alumina boat in a vacuum furnace. After cooling, the sample was cut in half and polished per- 
pendicular to the Ir-Re interface. Figure 4.5.2-35 shows a micrograph of this cross section. The 
grain structure in the iridium coating is clearly visible at this magnification. The average iridium 
grain size is aboqt 10p.m. A different magnification shows the average grain size in the rhenium 
layer to be about 400pm. The grain structure is essentially identical to that observed and 
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Figure 4.5.2-31. Cross-Section of CVD End Ring Polished 

Perpendicular to the Ir-Re Interface. Horizontal 
Bar at Lower Right of the Microphoto is Equal 
to 10 Microns 
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Figure 4.5.2-32. Cross-Section of CVD End Ring Polished 
Perpendicular to the Ir-Re Interface. The 
Magnification from Figure 4.5.2-31 Clearly 
Shows the Narrow Ir-Re Interface and the 
Ir-Mo Layers on the Ir 
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Figure 4.5.2-33. Electron Microprobe Elemental Trace for Ir and 
Re Across the Diffusion Interface. The Sharp 
Elemental Cross Over Region Identifies the 
Diffusion Zone 
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Figure 4.5.2-34. Cross-Section of CVD End Ring Polished 
Perpendicular to the Ir-Re Interface. This 
Secondary Electron Image (SEI) Shows the 
Additional Structures Observed Within the Re 
Along the Ir-Re Interface 
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Figure 4.5.2-35. Micrograph of Iridium-Coated Rhenium End Ring Section 
After Vacuum Anneal for 14 hrs at 1400°C 




Figure 4.5.2-36. Elemental Map for Rhenium in Annealed 
End Ring Section 
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4.5, High Temperature Materials Tests (Sandia) (cont.) 

reported previously for the as deposited coatings. We conclude that no grain growth occurs 
during extended anneals at 1400°C. 

Figures 4.5.2-36, -37, and -38 show elemental maps for Re, Ir, and Mo 
respectively in this sample. From these figures, we can draw several conclusions regarding dif- 
fusion in these CVD materials. The Re map shows considerable Re diffusion along grain bound- 
aries with Re penetrating approximately 25pm into the Ir coating. Clearly grain boundary diffu- 
sion is much faster than bulk diffusion for this sample. The Ir map shows little or no diffusion of 
Ir into the Re by bulk or grain boundary diffusion. The Mo map shows that Mo has diffused 
from the surface into the Ir. The Mo diffusion is similar to the Re diffusion in that grain bound- 
ary diffusion dominates and Mo has penetrated a substantial fraction of the total Ir coating thick- 
ness. We note that the Mo concentration in the grain boundaries in considerably smaller than 
that of Re as might be expected because only a relatively small quantity of Mo was present on 
the surface prior to annealing. (A total thickness of 2-3pm of Ir-Mo compounds was previously 
reported for the as deposited sample prior to annealing.) 

Figure 4.5.2-39 shows a line scan for the Ir concentration as a function of 
distance perpendicular to the Re-Ir interface. Dips in the Ir concentration which are only a few 
p.m wide are due to the scan crossing a grain boundary where Re is present. Ignoring these dips 
the width of the interdiffusion zone is about 10pm. A preliminary theoretical fit is also shown in 
this figure. For these data, the diffusion coefficient D is 1.5 x 10' 12 cm 2 /s. Another line scan 
resulted in a diffusion coefficient D of 2.2 x 10'^ 2 cm 2 /s. The difference is an indication of the 
accuracy of this measurement. This value can be used to predict diffusion for longer times. It 
tends to underestimate the effect of grain boundary diffusion, however. 

Based on these diffusion measurements it appears that these thrusters should 
provide excellent lifetimes (much greater than 14 hr) in service at 1400°C. (Note that a hot-fire 
time of 15 hr has been demonstrated on a single Ir-coated Re chamber.) 

Additional diffusion measurements were made for a thruster end ring section 
annealed in vacuum for 8 hr at 1700°C. A sample was cut from the end ring. Part No. 7154-3-2- 
L-4, and annealed in an alumina boat in a vacuum furnace. After cooling, the sample was cut in 
half and polished perpendicular to the Ir-Re interface. Figure 4.5.2-40 shows a micrograph of 
this cross section. The grain structure in the iridium coating is clearly visible at this magnifica- 
tion. The average iridium grain size is about 10 pm. A different magnification shows the 
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Figure 4.5.2-37. EBemental Map for iridium in Annealed End Ring Section 
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Figure 4.5.2-41. Elemental Map for Rhenium in 1700°C Annealed End Ring 
Section. 
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4.5, High Temperature Materials Tests (Sandia) (cont.) 

average grain size in the rhenium layer to be about 400 pm. The grain structure is essentially 
identical to that observed and reported previously for the as-deposited coatings. We conclude 
that no grain growth occurs during extended anneals at 1700°C. 

Figures 4.5.2-41, -42, and -43 show elemental maps for Re, Ir, and Mo in this 
sample. From these figures we can draw several conclusions regarding diffusion in these CVD 
materials. The Re map shows considerable rhenium diffusion along grain boundaries with rhe- 
nium penetrating approximately 35 pm into the Ir coating, 10 pm farther than at 1400°C. 

Clearly, grain boundary diffusion is much faster than bulk diffusion for this sample. Otherwise, 
the results are qualitatively similar to those at- 1400°C. 

A line scan for the iridium concentration as a function of distance perpendic- 
ular to the rhenium-iridium interface shows dips in the iridium concentration which are only a 
few pm wide are due to the scan crossing a grain boundary where rhenium is present. Ignoring 
these dips, the width of the interdiffusion zone is about 20 pm (Figure 4.5.2-46) 

Examination of the microprobe photographs and of the line scans of the 
diffusion data for 1700°C and 1400°C annealed samples clearly indicates that diffusion of 
rhenium into the iridium coating predominates with very little diffusion of iridium into the 
rhenium. For this case, the equation for diffusion into a semi-infinite medium where the 
boundary is kept at a constant concentration, C 0 , would be more appropriate than diffusion of an 
extended source of limited extent as was initially assumed (Ref. 7). By keeping the boundary at 
a concentration of 100% rhenium, only diffusion of rhenium into iridium is modeled. The 
appropriate equation is: 


C = 0.5 C 0 erfc (x-h)/2V^Dt x-h>0 (2) 

Here C is concentration as a function of time and distance, C 0 is the fixed boundary condition 
(100% rhenium), h is the depth of the Ir coating on Re, t is the time, x is the distance, and D is 
the diffusion coefficient. 

We have used equations (1) and (2) to fit the line scan data. The theoretical 
fits to the experimental profile and the resulting diffusion coefficients have been determined. It 
is clear that allowing only diffusion of rhenium into iridium (i.e., equation 2) provides a much 
better fit to the experimental data. Compare Figure 4.5.2-39 with Figure 4.5.2-47. 
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Figure 4.5.2-42. Elemental Map for Iridium in 1700°C Annealed End Ring 
Section. 



Figure 4.5.2-43. Elemental Map for Molybdenum in Annealed End Ring 
Section. 
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4.5, High Temperature Materials Tests (Sandia) (cont.) 

Using equation (2), the best fit diffusion coefficient D(1700°C) is 2.9 x 10* 11 
cm 2 /s (Figure 4.5.2-46). Another line scan resulted' in a diffusion coefficient D(1700°C) of 2.1 x 
10-U cm 2 /s. The difference is an indication of the accuracy of this measurement. This value can 
be used in order to predict diffusion for longer times. For these materials with grain size large 
compared to the probe volume, it is difficult to measure and model grain boundary diffusion 
properly. Since the grain boundaries are only a small fraction of the measurement volume, their 
effect on the least square fit for the diffusion constant is minor. Their effect on the overall 
diffusion process is critical however, as they can provide a short circuit path to the surface. 

Thus, these diffusion equations and model fits may underestimate the concentration of rhenium 
. at the surface. We are presently working to improve our observations and modeling of grain 
boundary diffusion. This should substantially improve the accuracy of lifetime predictions. 

Using equation (2) to recalculate the diffusion coefficient for the 1400°C 
sample gives values for the diffusion coefficient from two different line scans of D(1400°C) = 

7.0 x 10* 12 cm 2 /s (Figure 4.5.2-47) and D(1400°C) = 5.9 x 10*12 cm 2 /s. These values may be 
compared with the previous method which used equation (1), giving D(1400°C) = 2.2 x lO* 12 
. cm 2 /s and 1.5 x 10* 12 cm 2 /s (Figure 4.5.2-39). 

Surface Measurements in MSTA 

Iridium coated rhenium test samples were prepared with dimensions appro- 
priate for use in the Materials Sample Test Apparatus (MSTA). This test rig, designed and built 
by Aerojet and installed at the Sandia Combustion Research Facility, allows materials tests in 
flame environments simulating an operating thruster. The samples are heated by a 
hydrogen/oxygen flame and by supplementary electrical resistance heating. These samples will 
provide a better understanding of oxidation of CVD materials in flame environments. 

The samples are prepared by coating the interior of a molybdenum tube first 
with 2 mils of iridium and then 4 mils of rhenium. The tube is then cut to produce curved test 
specimens as shown in Figure 4.5.2-44. The molybdenum is then removed, leaving a specimen 
with iridium on the outer curved surface. The coating thicknesses were chosen to produce a 
sample with suitable resistivity for electrical heating. 
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4.5, High Temperature Materials Tests (Sandia) (cont.) 

These specimens are designed to be tested at temperatures in the range 1700- 
2100C, with examination of the samples postexposure in the microprobe to determine the extent 
of rhenium diffusion into the iridium and the extent of iridium removal by oxidation. 

Anal ysis Qf Additional Ir-Re Diffusion Data For Thruster End Ring Materia 

Diffusion data obtained for end ring sections annealed in vacuum at 
temperatures of 1400, 1700, and 1900°C are reported. The data for 1400 and 1700°C have been 
reported previously. The 1900°C data and the temperature dependence of the diffusion rate are 
new. All three test samples were cut from an end ring, part no. 7154-3-2-L-4, and annealed in 
alumina boats in a vacuum furnace. After cooling the samples were cut in half and polished 
perpendicular to the Ir-Re interface. Electron microprobe analysis was used to obtain line scans 
as a function of distance from the iridium surface. In all cases the predominant diffusion 
mechanism was rhenium diffusion into the iridium and grain boundary diffusion was the rapid 
diffusion process (see microprobe photographs presented in previous reports). 

Figure 4.5.2-45 shows a line scan for the iridium concentration as a function 
of distance perpendicular to the rhenium-iridium interface for the 1900°C 8 hr annealed sample. 
The dots represent experimental data points. Dips in the iridium concentration which are only a 
few pm wide are due to the scan crossing a grain boundary where rhenium is present. Ignoring 
these dips the width of the interdiffusion zone is about 40pm. Figures 4.5.2-46 and -47 present 
similar data for samples annealed at 1700°C for 8 hr and 1400°C for 14 hr. 

The line scans indicate that diffusion of rhenium into the iridium coating pre- 
dominates with very little diffusion of iridium into the rhenium. For this case, the equation for 
diffusion into a semi-infinite medium where the boundary is kept at a constant concentration, C 0 , 
can be used to fit the iridium concentration profile. By keeping the boundary at a concentration 

of 100% rhenium, only diffusion of rhenium into iridium is modeled. The appropriate equation 
is: 


C = C 0 erfc (x-h)/2v / St x-h>0 (3) 

Here C is concentration as a function of time and distance, C 0 is the fixed 
boundary condition (100% rhenium), h is the depth of the Ir coating on Re, t is the time, x is the 
distance, and D is the diffusion coefficient. 
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4.5, High Temperature Materials Tests (Sandia) (cont.) 

We have used equation (3) to fit the line scan data shown in Figures 4.5.2-45 
through -47. The theoretical fits to the experimental profile and the resulting diffusion coeffi- 
cients are shown. Allowing only diffusion of Re into Ir (i.e., equation 3) provides an excellent fit 
to the experimental data. For each sample, two line scans were taken and fit, giving two values 
for the diffusion constant at each temperature. These two values provide an indication of the 
precision of the measurement. Figure 4.5.2-48 gives a plot of these diffusion coefficients as a 
function of reciprocal temperature. The diffusion coefficients have an Arrhenius dependence and 
can be fit to an equation of the form: 

D = D 0 e-E^T (4) 

The line plotted in the figure is equation (4) with D 0 = 3.14 x 10’ 8 cm 2 /s and 
E/k = 1.42 x lO^K. This fit to the data gives an activation energy for diffusion, E, of 1.23 eV. 
Based on an empirical relationship between melting point and self-diffusion, one would expect 
the activation energy for bulk diffusion to be approximately 4 eV. Typically activation energies 
for grain boundary diffusion are about half of those for bulk diffusion. Thus our measured acti- 
vation energy provides additional evidence supporting grain boundary diffusion as the dominant 
mechanism in the CVD materials. Figure 4.5.2-48 also includes data points from previous 
studies of sputter-deposited Ir on Re performed under this contract. The diffusion constants 
measured in the CVD materials are consistent with the previous measurement for sputtered mate- 
rials at lower temperatures. 

The model presented here using equations (3) and (4) to predict Re concen- 
trations will allow prediction of thruster lifetimes when combined with measured recession rates 
of Ir in appropriate oxidizing environments. We caution that these equations may tend to under- 
estimate the effect of grain boundary diffusion. For these materials with grain size large com- 
pared to the probe volume, it is difficult to measure and model grain boundary diffusion prop- 
erly, since the real diffusion process appears to be a combination of comparatively rapid diffu- 
sion along grain boundaries with slower bulk diffusion from grain boundaries or from bulk Re 
into the Ir grains. In the line scans, dips are observed as the line crosses a grain boundary. Since 
the grain boundaries are only a small fraction of the measurement volume, their effect on the 
least-square fit for the diffusion constant is minor. Their effect on the overall diffusion process is 
critical however, since they can provide a short circuit path to the surface. Thus these diffusion 
equations and model fits will tend to underestimate the concentration of Re at the surface. 

Further studies will attempt to better quantify grain boundary diffusion. 
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4.5, High Temperature Materials Tests (Sandia) (cont.) 

MSTA Burner Measurements 

CVD Ir-Re test samples from Ultramet were tested in the MSTA burner at the 
combustion Research Facility. In order to reduce entrainment of oxygen into the flame, a quartz 
shroud was placed around the burner and nitrogen flow as introduced on the sides of the shroud. 
Steel wool was placed between the burner and the shroud to disperse the nitrogen flow. A 
nitrogen purge was used on the back side of the samples to reduce oxidation of the rhenium side 
to a minimum. Four different foil samples were tested. Table 4. 5. 2-2 gives the iridium and 
rhenium thicknesses (measured by Ultramet), the exposure temperature and time, and mixture 
ratio. The measured sample weights as a function of exposure time are also included. These 
weight losses must not be used to calculate iridium loss because considerable attack of the 
rhenium side may have occurred due to imperfect purging. The attack of the iridium side was 

not uniform due to the variation in sample temperature and oxidizing conditions across the flame 
region. 


Table 4.5.2-2. MSTA Surface Measurements 


Sample 

# 

Ir 

mils 

Re 

mils 

Temp 

°C 

Mix 

Ratio 

Test 

Duration 

hrs 

Initial 

Weight 

gms 

Weight 
After 
1 hr 

Weight 
After 
2 hr 

Weight 
After 
3 hr 

Weight 
After 
4 hr 

Weight 
After 
8 hr 

1-2-1 

1.0 

3.8 

1400 

6 

8 

2.738 

— 

— 



2.712 

2.681 

1-3-4 

1.5 

2.8 

1800 

6 

4 

— 

3.324 

— 

-3.253 



1-3-5 

2.8 



4 

3.418 

— 

3.354 

— 

3.273 



1-3-1 

r 2.0 

3.5 

1900 

10 

3 

3.067 

2.962 

2.808 

2.698 




When samples were removed from the burner for weighing, a Kevex machine 
was used to determine the composition in a centered area on the front and back faces. The faces 
were iridium on the front and rhenium on the back for all exposure times and conditions, 
indicating that both surfaces were largely intact at the center of the sample. Visual inspection 
revealed some pin holes in sample #1-3-1 after 3 hr exposure. However, these pinholes were 
located near the corners of the sample. They are not representative of the burner conditions. We 
speculate that the attack was by entrained oxygen from the air surrounding the burner. 
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4.5, High Temperature Materials Tests (Sandia) (cont.) 

Auger Measurement of Grain Boundary Diffusion 

Equipment was setup to study the grain boundary diffusion of CVD Re 
through CVD Ir in ultra high vacuum. A copper sample mount which could handle the 50 to 100 
amps required to heat a specimen to 1900C in vacuum was designed and constructed. This was 
installed in the vacuum system containing the Auger spectrometer along with the necessary high 
current feedthroughs and conductors. 

The heating arrangement was tested with a 0.003 in. thick Mo foil in place of 
the Re/Ir sample. It was found that the Mo foil could be heated to 1700°C using a current of 70 
amps which was the limit of the power supply available. The sample was hottest in the center 
and cooler near the suppotfs. The test verified that the copper supports remained relatively cool 
and would not melt or vaporize under the test conditions. Temperatures were measured with a 
W-5% Re and W-26% Re thermocouple and agreed reasonably well with readings from a two- 
color optical pyrometer. The thermocouple failed during the test, however, when it shorted to a 
heater lead due to warping of the sample. 

A test was performed to determine whether the high sample temperatures 
would interfere with the operation of the Auger Spectrometer. With the sample heated to 
approximately 1600°C, an Auger spectrum of the sample could still be recorded. The spectrum 
was more noisy than the room temperature spectrum and exhibited other changes such as loss of 
carbon and oxygen impurities. This demonstrates that Auger spectra can be recorded with the 
sample at elevated temperatures. 

Two different sample mounts have been built and tested. Initial tests used 
these mounts to heat molybdenum foil in ultrahigh vacuum. The first mount held the sample 
rigidly at both ends. Thermal expansion during hearing caused the sample to warp. The 
resulting stresses could potentially crack or strain the protective iridium coating on Ir/Re 
samples. 


A second mount was designed which holds one end rigidly and uses a flexi- 
ble conductor to carry current on the other end thus allowing the sample to expand freely during 
testing. This mount was tested with a 0.003 inch thick molybdenum foil. The foil was heated to 
2000°C and Auger spectra obtained at this temperature. No buckling of the molybdenum foil 
was observed using this mount. 
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4.5, High Temperature Materials Tests (Sandia) (cont.) 

A CVD IR/Re sample was heated in ultrahigh vacuum and the arrival time of 
Re on the Ir surface was observed using Auger spectroscopy. The first experiment was success- 
ful. The sample was ~1 mil CVD Ir on ~3 mil CVD Re. The sample was mounted in ultrahigh 
vacuum and resistively heated to about 1900 C using 50 amps of direct current. The composition 
of the Ir face was monitored using Auger spectroscopy to determine atomic percentages of Ir and 
Re. The Auger spectra were obtained while the sample was at temperature. Auger scans each 
took approximately 5 minutes providing excellent temporal resolution for Re arriving at the 
surface. 


Figure 4.5.2-49 shows Auger spectra recorded at the start of the heating 
period and after 9 hours of heating. The starting spectra show only iridium on the surface. After 
9 hours of heating additional peaks due to rhenium are clearly visible in the Auger spectra. 

These peaks represent a surface concentration of about 3 atomic percent rhenium. 

Figure 4.5.2-50 shows the atomic percentages as a function of time observed 
during this run. Rhenium is visible on the surface after about 3 hours heating and rises gradually 
to the 3 atomic percent level after 9 hours heating. 

DIFFUSION MODEL 

A computer code that models the combined effects of diffusion and oxidation 
was written and debugged. The diffusion rate model used in the code is based on measurements 
previously made at Sandia using CVD material. The oxidation rate model is based on 
measurements previously made at Aerojet. 

The measurement of surface rhenium concentrations was extended on another 
sample to a total heating time of 50 hours. Rhenium concentrations were also measured during 
the heating of this ~1 mil CVD Ir on ~3 mil CVD Re sample. The sample was mounted in 
ultrahigh vacuum and heated to about 1730 C using 50 amps of direct current. Figure 4.5.2-51 
shows the Auger peak height ratio of Re to Ir as a function of time during heating. The increase 
in this ratio is caused by the diffusion of Re through the Ir layer, predominantly by grain 
boundary diffusion. 
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Figure 4.5.2-50. Atomic Percent Ir and Re Versus Time for CVD Ir/Re Specimen at 1900°C 





4.5, High Temperature Materials Tests (Sandia) (cont.) 

Calculation of Surface Rhenium Concentrations From Auger Data 

Interpretation of the data shown in Figure 4.5.2-51 requires calculating the 
surface Re coverage from the Auger peak height ratios. This calculation requires knowledge of 
the relative elemental sensitivities for Re and Ir. These sensitivity factors are discussed and tabu- 
lated in Ref. 10. Some assumption regarding the spatial distribution of Re and Ir in the near 
surface region must also be made. The saturation Re Auger peak height is much less than the Ir 
peak height as seen by the final peak height ratio of about 0.22. In order to explain this relatively 
small final ratio, we have assumed that Re diffuses to the surface up the grain boundaries and 
spreads over the surface to form a saturation coverage of one monolayer. If the activity of a Re 
monolayer is close to that of bulk Re, there would be little driving force for further diffusion of 
rhenium. This assumption is consistent with the experimental data as the following calculation 
demonstrates: 


The probability, P, that an Auger electron will escape to the surface of a solid 
from an atom at a particular depth, z, is 


p = ex p (x) u> 

where X is the mean free path of the electrons which depends upon their energy. The Auger 
transitions for Re and Ir are at 1799 eV and 1908 eV, respectively. These values are both 
roughly 2000 eV for which the mean free path is approximately 20 A based upon the data sum- 
marized by Ref. 11. Although this reference does not have data specifically for Ir or Re, it does 
present data for Au (Z=79) and W (Z=74) which are close to the same atomic number, Z, as Ir 
(Z=77) and Re (Z=75). 

For a layered solid, the overall intensity of the Auger signal is related to the 
sum of the probabilities that electrons from each layer will reach the surface. (This analysis 
ignores the atomic sensitivity factors which are handled separately.) Therefore, for Ir and Re, the 
intensity of the Auger signals is proportional to 

I r = . 2 P Ir=£ eX P(x) andI R<= = D ? P Re = £ expf^) (2) 

Ir layers Ir layers \ A, J Re layers Re layers \XJ 

respectively. These summations can be approximated by integrals, for example, 
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Figure 4.5.2-51. Auger Peak Height Ratio (Re/lr) as a Function of Time 
During 1730C Anneal in Ultrahigh Vacuum 
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4.5, High Temperature Materials Tests (Sandia) (cont.) 

J Re = J Re layers exp dz = -Xexp (3) 

The result of the integral will have units of distance which can be interpreted 
as the thickness of an ideal solid from which an equivalent Auger signal would be detected if the 
probability for detection of Auger electrons from all layers in the ideal solid were unity. For 
example, the integral for a purge semi-infinite solid from z = 0 to z = <» evaluates to simply X, 
the mean free path. Thus, the Auger signal from a pure real solid is equivalent to the Auger 
signal from an ideal solid of thickness X if all the Auger electrons in the ideal solid escaped to the 
surface. 

The effect of a thin Re layer on top of Ir can now be evaluated. Assume that 
at the end of the diffusion experiment that there is a single layer of Re on top of a semi-infinite Ir 
solid as shown in Figure 4.5.2-52. 

The nearest-neighbor distances for Ir and Re are approximately 2.75A. Thus, 


the relative intensities of the Ir and Re Auger singles are: 

I Re = _[ exp(y)d z = -Jiexp(^)|^ 5A = 2.57A 

(4a) 


[ 75 A CX ^ A, )^ Z ~~ ~~ ^-4A 

(4b) 

Using sensitivity factors for Ir and Re, the Auger peak height ratio can be written in the form: 


R Re/Ir = SRelRe / SiRli r 

(5) 


For a single layer of Re on Ir, the calculated Auger peak height ratio is 0.21 
which is in good agreement with the observed peak height ratio after long annealing, as measured 
here. This suggests that the assumption of a monolayer of Re on Ir as the saturation concentra- 
tion is reasonable. Similar analysis to that presented above can be used to convert the measured 
peak height ratios into surface Re concentrations. These surface Re concentrations as a function 
of annealing time are presented in Figure 4.5.2-53. Also shown are computer calculations of sur- 
face Re concentrations. These calculations are discussed in the following sections. 
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Figure 4.5.2-52. Assumed Configuration of Rhenium on Surface of Iridium Coating 
After Extended Annealing in Ultrahigh Vacuum 



Figure 4.5.2-53. Fraction of Rhenium Atoms in Top Layer of a 25jnm CVD Coating After 

Extended Annealing in Ultrahigh Vacuum. Diffusion Profiles Are Calculated 
Using The Model Described Below 
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4.5, High Temperature Materials Tests (Sandia) (cont.) 

Theoretical Treatment of Grain Boundary Diffusion 

The Auger technique used for determination of the diffusion rate is discussed 
in a review article in Ref. 12. 


The technique is known as the surface accumulation method. In particular, a 
theoretical analysis by Hwang and Balluffi is presented which is useful for analysis of our Auger 
data. Their model assumes that the bulk diffusion rate is negligible compared to the grain 
boundary diffusion rate. Huang and Balluffi use a geometric model for permeation and com- 
bined surface spreading. They present a general solution which can be simplified by assuming 
that surface diffusion is much more rapid than bulk diffusion. If one further assumes that the 
capacity of the Ir grain boundaries for Re is much larger than that of the Ir surface and that the 
surface concentration of Re equals that at the top of the grain boundaries (i.e., no segregation 
effects), the model is equivalent to the computer calculation described as follows: 

Computer Model of Diffusion for C VD Iridium on Rhenium 


To date, the diffusion has been modeled by representing the Ir layer as a 
semi-infinite slab. This is a good approximation for cases in which very little Re has diffused far 
enough to reach the Ir surface. Thus, it is appropriate for extracting diffusion constants from 
relatively short anneals in which the surface Re concentration reaches only 1 or 2%. The Auger 
measurements in ultrahigh vacuum involve much larger surface Re concentrations. For these 
situations, a numerical solution to the diffusion equation is required as follows: 


5C _ n 5 2 C 
& 5x 2 


( 6 ) 


Here C represents the concentration of the diffusing species, i.e., Re. The 
choice of boundary conditions depends upon the assumptions regarding directions of material 
diffusion and what happens to Re when it reaches the Ir surface. On the basis of previous obser- 
vations that Re diffuses into Ir but that there is very little diffusion of Ir into Re, C is set to 1.0 at 
the Re/lr interface. For the case of annealing in vacuum, zero flux is assumed at the Ir/vacuum 
surface. 


Following the numerical solution outlined in Ref. 13, we use the Crank- 
Nicholson differencing scheme; 
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4.5, High Temperature Materials Tests (Sandia) (cont.) 

cr'-c? + 

At Ax 2 (7) 

Here Ax is the spatial step used for solution and At is the time step used for 
solution. The superscripts represent the time in units of the time step and the subscripts represent 
the spatial position in units of the spatial step. The boundary conditions become C 0 = 1 and 
CN+1 = Cn- Here N is the total number of spatial steps. Thus the coating thickness is NAx. 

These equations result in a tridiagonal system of linear equations which is 
solved using the algorithm in Section 2.6 of the reference. We have written the code using a 
Macintosh graphics program called IGOR. Macros and functions in IGOR are written in a subset 
of the programming language “C.” 

The experimental data were modeled using the diffusion program to deter- 
mine the diffusion constant. Figure 4.5.2-53 shows the results of several calculations of the sur- 
face concentration vs time obtained using the diffusion program. The best overall fit was 
obtained for a diffusion constant of 6 x 10'H cm^/sec. Overall, the fit is quite reasonable. It is 
likely that the fit would be even better with more precise temperature control. There was some 
uncertainty in the temperature, but it averaged 1730 C. The diffusion constant predicted by the 
previous model at this temperature would be 2.6 x 10~H cm^/sec compared to the 6 x 10"H 
cm 2 /sec obtained from the fit. Thus, the appearance of Re at the surface is somewhat faster than 
predicted by the previous diffusion model. As expected, grain boundary diffusion appears to be 
somewhat faster than the previous measurements of combined bulk and surface diffusion. It is 
encouraging that the grain boundary diffusion is not dramatically faster which leads us to con- 
clude short circuit diffusion up the grains should not represent a major problem. 

A modification of the diffusion code has been written which allows for 
oxidative removal of iridium and rhenium at the surface of the coating. This computer model 
represents a first quantitative attempt to combine the effects of diffusion and oxidation to yield a 
lifetime prediction. We assume that oxidation removes material in the same ratio of composition 
as the composition at the surface of the alloy, i.e., there is no preferential oxidation of Re or Ir. 

The data regarding oxidation loss rates for iridium-rhenium alloys are very limited. We have 
used the oxidation loss rates measured at Aerojet for Ir, 80% Ir/20% Re, and 60% Ir/40% Re in 
0.5% O 2 in Ar at 1550 C and 0.0278 atm. For intermediate compositions, we used a linear 
interpolation to estimate oxidation rates. The diffusion rate used at 1550 C was 1.3 x 10‘H 
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4.5, High Temperature Materials Tests (Sandia) (cont.) 

cm 2 /sec based on our previous measurement of diffusion. Under these conditions, we predict a 
lifetime of 67 hr for a 50pm coating of CVD Ir on Re. Figures 4.5.2-54, -55, and -56 show the 
calculated composition profile after 20, 40, and 60 hr of oxidation for a 50pm coating at 1550 C 
in 0.5% 0 2 . The sharp falloff to the right side of the 40 and 60 hr graphs represents the surface 
of the Ir coating which is receding due to oxidation. 

It is easy to extrapolate our measurements of diffusion rates to other tempera- 
tures. The lack of information on oxidation rates preclude applying this model for other tempera- 
tures and gas stream compositions. This model clearly demonstrates the necessity for further 
studies of oxidation rates and mechanisms if more accurate lifetime predictions are to be 
obtained. 


Sputter depth profiling of the elemental composition of a CVD iridium on 
rhenium sample after annealing for 50 hours in vacuum at 1730°C was performed. The surface 
composition was representative of the bulk concentration in the near surface region, requiring a 
change in the interpretation of the data based on previous testing. Sample annealing in ultrahigh 
vacuum was extended to 2100°C. 

Figure 4.5.2-51 showed the ratio of the Re to the Ir peak to peak Auger sig- 
nals as a function of time during 1730°C anneal in ultrahigh vacuum. In order to convert the 
Auger peak height ratio to atomic composition, additional information regarding the spatial dis- 
tribution of rhenium and iridium in the near surface region is required. In order to obtain this 
information, after the 50 hours of heating to 1730°C, the sample was removed from the chamber 
which has Auger and DC resistive heating. Then it was mounted in a scanning Auger apparatus 
with provision for depth profiling by ion milling. The rhenium concentration was found to be 
independent of position across the surface and also normal to the surface. Thus we believe that 
the data shown in Figure 4.5.2-51 is representative of the bulk concentration in the grains in the 
near surface region. With this assumption, the data can be converted into data for composition as 
a function of time as shown in Figure 4.5.2-57. 

An interesting feature seen in this figure is that the rhenium concentration 
appears to saturate at about 15 atomic %. This observation can be explained by reference to the 
phase diagram for the iridium/rhenium system. The solubility limit for rhenium in iridium is 
nominally about 30% (this phase boundary is not well determined by the original research). We 
suggest that the saturation corresponds to the solubility limit for rhenium in iridium. 
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Figure 4.5.2-54. Calculated Rhenium Profile After 20 Hr at 1550 C in 
0.5% 02 at 0.028 atm 
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Distance from Re/lr Interface (^m) 


Figure 4.5.2-55. Calculated Rhenium Profile After 40 Hr at 1550 C in 

0.5% O 2 at 0.028 atm 



Figure 4.5.2 r 56. Calculated Rhenium Profile After 60 Hr at 1550 C in 

0.5% O 2 at 0.028 atm. Final Failure Occurs at 67 Hr. 
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Time (h) 


Figure 4.5.2-57. Bulk Concentration in the Near Surface Region 
as Function of Time During 1730°C Anneal in 
Ultrahigh Vacuum 
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4.5, High Temperature Materials Tests (Sandia) (cont.) 

It is clear that for very long annealing times, the final composition of the 
whole sample should be identical and be rhenium with about 20% iridium in solution (i.e., the 
average composition of the original sample). Thus we would expect that the rhenium has not 
really saturated, but will eventually rise to a final level of 80%. To investigate this question, a 
new sample was mounted and the experiment repeated using an annealing temperature of 
2100°C. At this temperature the diffusion is much faster allowing the experiment to be com- 
pleted more rapidly. The resulting near surface concentration as a function of time is shown in 
Figure 4.5.2-58. This is qualitatively in accord with the above description in that the rhenium 
concentration initially rises to the solubility limit for rhenium in iridium. This value is a plateau 
and with further heating the rhenium concentration eventually rises further. 

4.6 DIAGNOSTIC THRUST CHAMBER AND INSTRUMENTATION EVALUATION 

Task 6 had as its objective the testing of the candidate chamber materials with the 
candidate propellant combinations under simulated rocket chamber conditions. The goal of these 
tests was to determine the effect of combustion products on chamber material performance at 
high temperature. To do this the Diagnostic Thrust Chamber was designed, built and tested. To 
provide optical measurements of the exhaust plume Aerojet provided design, fabrication, and cal- 
ibration of the Exhaust Species Monitoring System (ESMS). 

The conceptual design of the DTC is shown in Figure 4.6-1. The device is intended 
to permit testing of a material specimen of simple, low cost design under conditions identical to 
those found in a radiation-cooled thruster. The major features considered in the design were: 


Injector: 

Premix vs heterogeneous 
Drilled vs platelet 
Cooled vs uncooled 

Specimen: 

Exact dimensions 


Installation/mounting detail 
Temperature control design 

Chamber: 

Cooling design 
Optical access detail 


In addition, the DTC interfaces with the Exhaust Species Monitoring System (ESMS). 

Completion of the DTC task was deferred to permit concentration of resources on the 
100 lbf engine development. Therefore only sufficient time was available to conduct a 1-week 
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Figure 4.5.2-58. Bulk Concentration in the Near Surface Region 

as Function of Time During 2100°C Anneal in 
Ultrahigh Vacuum 
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Advanced Materia) 



Pre-Mix injector 
Flame Front 
Axial Position 
Adjustable 


Set Screw 
Specimen Lock 


Spectral Emission/ 
Atomic Absorption 
Sensor System 


Specimen Temp. Measurement 
Ports (6 Places) 

Optical Pyrometer Window or 
Spring Loaded Thermocouples 


Figure 4.6-1. Diagnostic Thrust Chamber Conceptual Design 
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4.6, Diagnostic Thrust Chamber and Instrumentation Evaluation (cont.) 

test campaign to characterize the test apparatus and obtain preliminary material compatibility 
data. 

4.6.1 Design 

The design criteria for the specimen, injector and chamber are listed in 

Table 4.6.1-1. 


The design approach selected is shown in Figure 4.6. 1-2. The specimen is a 
metal foil rolled into a cylinder to form the chamber wall. The foil can be the material under test 
or can serve as a substrate for material deposited by CVD or other process. Fabrication of an 
injector designed to eliminate flashback under all conditions was unsuccessful This injector was 
intended to be a platelet premix 0.0013 cm (0.0005 inch) orifice injector. It was to be fabricated 
from etched foil, wrapped around a bonding fixture and diffusion bonded at 1450 F for 2 hours in 
a vacuum bonding furnace. Examination of the rolled injector face after electropolishing (Figure 
4.6.1-2A) showed regions of disbond at creases formed during squeeze of the part during 
bonding. Incomplete or irregular opening of the orifices and deposits from the electropolish 
process are also evident. Two additional rolled foil injectors bonded at 1600 F showed similar 
evidence of disbonding, therefore a conventional drilled injector design which met most of the 
injector criteria was used. 

The injector is a drilled, premix design with very small element 0.041 cm 
(0.016 in.) critical diameter and high injection velocity to eliminate flashback under most 
operating conditions. The chamber provides a nitrogen purge which protects the backside of the 
specimen and which can be used to control its temperature. Since specimen temperature is a 
critical parameter, provision was made for multiple temperature measurements. Multiple two- 
color pyrometer measurements were made using the setup shown schematically in Figure 4.6.1- 
3. This permits measurements along the length and circumference of the specimen. The 
specimen chamber is shown “unwrapped” in Figure 4.6. 1-4 to map the location of the optical 
measuring points which are 0.25 in. dia fused silica windows. Rows Nos. 1 through 6 are 
provided for temperature measurement. Row No. 7 is used for emission and absorption 

measurements from the gas just downstream of the specimen. The ports are identified in detail in 
Table 4.6. 1-1 A. 
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Table 4.6.1-1. Diagnostic Thrust Chamber Design Criteria 


A. SPECIMEN 

1. Fabricate easily from all candidate materials 

2. Permit use of formed or deposited (CVD or other) materials 

3. Permit easy examination of exposed surface 

4. Low cost 

B. INJECTOR 

1. Premixed 

2. No flashback over full operating range of propellants, mixture ratio and pressure 

3. Water-cooled 

4. Fit within approximately 0.5 in. dia specimen 

5. Traverse approximately 1.0 in. length of specimen 

6. Uniform flow distribution at face 

7. Minimum no-flow zone at wall 

C. CHAMBER 

1. Provide thermally isolated support for specimen 

2. Provide rapid access for specimen exchange 

3. Accommodate different specimen thicknesses 

4. Provide control for specimen temperature 

5. Provide chamber pressure control 

6. Provide multiple locations for measurement of specimen temperature 

7. Provide optical access for emission and absorption measurements of metal 
species in chamber gas by interfacing with Exhaust Species Measurement 
System (ESMS) 
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Figure 4.6.1 -2. Diagnostic Thrust Chamber 






Figure 4.6.1-2A. SEM of Portion of Rolled Injector Face After Electropolishing 
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Figure 4.6.1 -3. Optical Temperature Measurement Approach 








Table 4.6.1-1 A. DTC Housing — Port Identification 


Configuration: “A” 

Run Number(s): Initial setup on stand 9-20-90 for fit and leak check 


Port ID 

Axial Location, 
Inches (Note 1 

Circumf. Location, 
Degrees 

Tvpe 

Use 

A1 

2.375 

45.0 

Gas Port 

Nitrogen input for 

B1 

2.000 

0.0 

Window 

specimen cooling 

B2 

2.000 

180.0 

Window 


Cl 

1.750 

135.0 

Window 

Pyrometer “A” 

C2 

1.750 

315.0 

Window 


D1 

1.500 

90.0 

Window 


D2 

1.500 

270.0 

Window 

Pyrometer “B” 

El 

1.250 

45.0 

Window 


E2 

1.250 

225.0 

Window 

Alternate video port 

FI 

1.000 

0.0 

Window 

Pyrometer “F” 

F2 

1.000 

180.0 

Window 

Pyrometer “E” 

G1 

0.875 

22.5 

Gas Port 

Spark igniter 

G2 

0.875 

67.5 

Gas Port 

Nitrogen input for Pc 

G3 

0.875 

112.5 

Window 

control 

G4 

0.875 

157.5 

Window 


G5 

0.875 

202.5 

Window 


G6 

0.875 

247.5 

Gas Port 

Nitrogen input for Pc 

G7 

0.875 

292.5 

Window 

control 

G8 

0.875 

337.5 

Window 

Video closeup 


Note 1: 0.00 in. equals specimen exit plane 
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4.6, Diagnostic Thrust Chamber and Instrumentation Evaluation (cont.) 

The windows in Row No. 7 match the optical paths of the ESMS whose 
detector head is shown schematically in Figure 4.6. 1-5. It contains detectors and optics for two 
narrow band emissions measurements, one atomic absorption measurement, and one wide-band 
optical multichannel analyzer (OMA) measurement. In addition, the ring contains an optical 
temperature measuring port which matches Row No. 6 since the aft end optical ports are blocked 
when the ring is in place over the chamber ports. When the ESMS detector ring is used at the 
DTC nozzle exit, all the chamber ports are available for measurement. 

The testing planned for DTC is shown in Table 4.6. 1-2. It consisted of a 
group of system checkout tests and then an array of tests exploring the two propellant combina- 
tions, oxygen-hydrogen and oxygen-methane, the three materials, rhenium, iridium and platinum, 
over a range of mixture ratio, chamber pressure and wall temperature. A further parameter 
whose effect could be explored is distance from the injector face to the end of the chamber wall, 
which represents distance from the reaction zone and, is related to the life times of transient 
species formed during the reaction process. 

Data obtained from the DTC tests are optical plume composition and surface 
temperature measurements during the exposure which indicate onset and extent of chamber wall 
reaction, and measurements made on the specimen before and after exposure. Table 4.6. 1-3 
describes the measurement techniques available for study of the materials to be used where 
appropriate. 


In order to have a base comparison of the test sample material interaction, the 
as-received and tested sample materials must be characterized thoroughly. The pre- and posttest 
metallurgical evaluation consisted of a microstructure examination, surface mechanical charac- 
terization, and chemical composition determination. 

Microstructure examination is necessary in order to characterize the base 
grain size, grain shape, and possible texturing of the sample materials. If this portion of the pro- 
gram was continued, samples of the materials of interest would be mounted, polished, and etched 
for metallographic examination using standard techniques. While platinum and iridium are 
difficult to metallographically etch, several techniques which are described in the literature can 
be employed in order to optimize the process. Techniques for etching rhenium have been 
developed and pose no problem. The grain size and shape of the materials would be 
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Figure 4.6.1 -5. Exhaust Species Monitoring System Detector Head 
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Table 4.6.1-2 
Test Matrix for Task 6.0 


TEST TYPE 

TEST OBJECTIVE 

PR 

CHECKOUT 

PROOF 

BN 

« 

LEAK 

BN. 

■ 

FLOM BALANCE 

02 

a 

IGNITION 

02KICRQ-HETALL0GRAPHIC ANALYSIS, DIMENSIONAL CHANSES 

a 

DIAGNOSTICS 

02 * 1 

MATERIAL 

DETERMINE EFFECTS 

HICRO-METALLOSRAPHIC ANALYSIS. DIMENSIONAL CHANGES 

INTERACTION 

OF COMBUSTION 

a 

PRODUCTS 

* i a a 

a 

a 

■ a a a 

a 

a 

HICRO-METALLOSRAPHIC ANALYSIS, DIMENSIONAL CHANSES 

a 

a 

a a i | 

a 

a 

a a a a 
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Table 4.6.1 -3. Specimen Analysis Procedures 


Procedure 


P urpos e 


Results 


1. Optical Metallography 

2. Scanning Electron Microscopy 
(SEM) 

3. Energy and/or Wavelength 
Dispersive X-ray 
Spectroscopy (EDS and WDS) 

4. Spark Emission Spectroscopy 

5. Roughness Measurements 

6. X-ray Diffraction 


Characterize Microstructure 

Surface and Microstructure 
Characterization 

Chemical Composition of Micro- 
constituents 

Determine Chemical 
Composition 

Surface Roughness 
Ciystallographic Orientation 


Grain size, grain shape, 
texture, substructure 

Surface condition, 
surface damage, 
erosion, deposition, 
observation of 
microconstituents 

Composition of 
secondary phases or 
contaminants before and 
after testing 

Identification of any 
impurities before and 
after testing 

Changes in surface 
conditions as a result of 
testing. Quantitative 
evaluation of material 
removed or deposited. 

Determination of 
texture and texture 
changes as a result of 
testing 
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4.6, Diagnostic Thrust Chamber and Instrumentation Evaluation (cont.) 

characterized for comparison with samples after testing. This would provide a basis for 
determining if any microstructural changes have taken place during testing. It is not known what 
changes in microstructure and texture may take place during testing or what effects these changes 
may have on the chemical interaction of the specimens and the test environment. Both platinum 
and iridium are face centered cubic (FCC) materials and when these materials are heavily rolled, 
as they would be in thin foils, sharp textures can be formed upon recrystallization. In the case of 
heavily rolled rhenium, which has a hexagonal structure, basal plane slip may also result in a 
highly textured structure. Also, when rhenium is formed by chemical vapor deposition (CVD), it 
has a very ordered structure which has been observed to change dramatically during exposure to 
high temperatures. There is massive grain growth and an apparent reordering of the structure. 
Early indications are that rhenium is preferentially attacked on the basal planes and grain bound- 
aries. Reordering and grain growth may slow the rate of attack by presenting an alternate 
crystallographic orientation and fewer grain boundaries for attack. If a major structural change is 
found to occur, it would be useful to determine the before and after texturing of the sample 
materials by using X-ray diffraction techniques. This helps to quantify observed microstructural 
changes and provides some insight into the chemical attack mechanisms. 

Surface evaluation is necessary in order to determine the surface condition of 
the material being used for the test samples. Such features as rolling marks, surface flaws, cracks 
or other features that may be the result of a CVD process should be noted and photographed. 
Microscopic examination of the surface roughness and surface roughness measurements should 
be taken. These measurements and observations should be compared with the posttest surfaces. 
This would allow the determination of any localized erosion of (or deposition on) the surface. If 
there are any preferential areas of attack, such as grain boundaries, these can be observed as well. 

Chemical composition of the samples can be used to determine any change in 
the samples during testing. Spark emission, energy dispersive X-ray, and wavelength dispersive 
X-ray spectra should be taken of as-received material. These spectra should be used as standards 
in order to determine if any chemical changes have taken place. Contamination species may be 
diffused into the specimens either from the surface or through the grain boundaries. These 

changes of chemical composition should be noted and their effects on the chemical interactions 
assessed. 

The design approach for control of chamber pressure and specimen tempera- 
ture is shown schematically in Figure 4.6. 1-6. Total chamber pressure can be controlled 
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Figure 4.6.1 -6. DTC Specimen Temperature Control 



4.6, Diagnostic Thrust Chamber and Instrumentation Evaluation (cont.) 

independently of propellant flows by control of the nitrogen flow added downstream of the 
specimen and upstream of the DTC throat. In addition, this total nitrogen flow can be split 
between cooling the backside of the specimen and direct injection into the chamber. 

The effect the control nitrogen flow on propellant flow and chamber pressure 
is shown in Figures 4.6. 1-7 and - 8 , where propellant flow of premixed O 2 /H 2 is shown plotted 
versus chamber pressure, first for no added nitrogen and then with 0.05 lbf/sec. The effect of the 
nitrogen cooling on specimen temperature is shown in Figures 4.6. 1-9 and -10, where calculated 
temperatures are shown for a specimen with emissivity of 1 . 0 , for rhenium, and for iridium and 
platinum. As can be inferred from the latter figure, the nitrogen flow required to keep platinum 
specimens below their melting temperature must be a sizable fraction of propellant flow for 
chamber pressures above 40 psia. Because of its relatively low melting point, operating condi- 
tions are most difficult to maintain for platinum. Based on its mechanical properties at elevated 
temperature. Figure 4.6.1-11, the specimen should be kept below about 2600°F to assure 
mechanical integrity. 

The primary interaction between the combustion products and the chamber 
wall is expected to be attack by oxidizing species, whose concentrations are a strong function of 
mixture ratio and propellant combination. Total oxidizing species mole fraction is shown plotted 
against mixture ratio for O 2 /H 2 and O 2 /CH 4 in Figures 4.6.1-12 and -13. These data are shown 
normalized to stoichiometric mixture ratio in Figure 4.6.1-14. The top curve on the figure shows 
the ratio of oxidizing species for the methane fuel relative to hydrogen. For example, the 
oxidizing species are about equal for O 2 /H 2 operating at MR = 6.0 and O 2 /CH 4 operating at MR 
= 3.0 (0.75* Stoichiometric). 

The final design of the Diagnostic Thruster is shown in Figures 4.6. 1-14A, 
-14B, -14C, -14D and -14E which are the fabrication drawings for the chamber and injector. 

Specimen Temperature Measurement System 

Since material reaction rate is expected to be a strong function of specimen 
temperature, a reliable means for its measurement was required. Non-contact two-color radiation 
pyrometers were used to avoid the operational difficulties of multiple high temperature thermo- 
couples bonded to the foil. A small, fiberoptic-based two-color pyrometer was designed that 
could permit use of up to 6 measurement locations on the specimen. 
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Figure 4.6.1-7. DTC Propellant Flow vs. Pc, O 2 /H 2 (Nitrogen Flow = 0.0) 
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Figure 4. 6. 1-9. DTC Chamber Wall Temperature Vs. Pc (Nitrogen Flow 
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Figure 4.6.1-10. DTC Chamber Wall Temperature vs Pc (Nitrogen Flow = 0.5 = Wp) 




UTS, E, & POISSON'S RATIO 


VARIOUS SOURCES; NOTE EXTRAPOLATION!! 


z.. u 

2.4 - 

4 









m 

HI 




2.2 - 









Hi 

HI 




2 - 







1 ^ Young s Modulus 

(20 Mi ,,ion ) 





1.8 - 

\ 

\ 






r— 






1.6 - 


\ 







i V 





1.4 - 



\ 





^ 


X 




1.2- 










— ^ — 

\ 



1 ~ 


— — ’ 





Ultimate Tensile 
f Strength (10,000 psi) 


N 



0.8 - 




* 








\ 


0.6 - 









s 




\ 

0.4 - 





Poisson's Ratio 
(0.39) 



\ 




v 

0.2 - 









M| 


— 

— rasa* — 


0 - 











Hfl 

■B 

a 


0-4 0.8 1.2 1.6 2 

(Thousonds) 

TEMPERATURE, oF ASRC36A 
UTS + MODULUS O POISSON'S 


Figure 4.6.1-11. Mechanical Properties of Platinum Vs. Temperature 
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4.6, Diagnostic Thrust Chamber and Instrumentation Evaluation (cont.) 

The pyrometer consisted of two EG&G DFA-XXXX photodiodes coupled to 
the optical ports on the DTC with bifurcated fiber optics. Individual sensor modules held the 
sensors and their electronics. The six modules were powered by a common power supply. 

The sensors had integral narrow pass interference filters centered at 0.9 and 

1.0 micron. 


The specimen temperature is a function of the ratio of the two emission sig- 
nals; the theoretical value for each signal is given by: 

Si = C, X“ 5 [exp (C 2 A;T)-1 J-i 

where 

Si = spectral radiance at X- x and T, watt cm -1 micron -1 

Ci = first radiation constant = 27tC 2 h = 3.741 x 10 12 watt cm 2 

C 2 = second radiation constant = heir 1 = 1.439 cm°K 

c = velocity of light = 2.9979 x 10 14 micron sec -1 

h = Planck’s constant = 6.625 x 10 -34 watt sec 2 

k = Boltzman’s constant = 1.380 x 120’ 23 watt se^R' 1 

The theoretical value of this ratio is shown in Figure 4.6. 1-15 for X 1 = 0.9 
micron and X 2 = 1.0 micron. However, the experimental value is dependent on factors such as 
the relative spectral transmission of the interference filters, spectral sensitivity of the diodes, 
view factor and transmission differences between the two optical paths, and differences in gains 
of the system electronics. Therefore, individual calibration is required. 

To permit the required on-line setting of specimen temperature during a test, 
the measured temperature must be displayed in convenient form. For this purpose the calibration 
data have been fit as: 

Ti=mi © n+b > 
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Signal Ratio, S1/S2 



Temperature, °K 


Figure 4.6.1-15. Two-Color Temperature Measurement - Emission Ratio Vs. Temperature, X 1 = 0.9|i; X 2 = 1-On 






4.6, Diagnostic Thrust Chamber and Instrumentation Evaluation (cont.) 

The individual pyrometers were calibrated using the setup shown in Figure 
4.6.1-16. Absolute output signal for pyrometer Unit A is shown in Figure 4.6.1-16A. The cali- 
bration data are plotted for the units in Figures 4.6.1-17, 18, and -19 for n = 3.00, which gives a 
good fit to the data over the range of interest (1600 to 2500°C). The calibration parameters are 
listed in Table 4.6. 1-4; deviation of the fit from the measured values is shown in Figures 4.6.1- 
20, -21, -22, and -23 for the four units used in testing. During calibration it was noted that 
because of the individual sensor optics, calibration was sensitive to distance from the sample 
surface. 


An advantage of two-color radiation temperature measurement is relative 
insensitivity to signal level changes caused by clouding of windows, smoke or emissivity 
changes, as long as they are not wave length dependent. Also, in the presence of temperature 
gradients the measurements tend to indicate the highest temperature from which radiation is 
received. An example of this is shown in Figure 4.6. 1-24 for a surface with equal areas at Tj and 
T 2 where, with half the surface at 2400°C and half at 1000°C, the error in reading the higher 
temperature is less than 10%. 

Exhaust Species Measurement vSvstem 

The exhaust species of primary interest in the DTC tests are from the metallic 
specimen. These, along with some other species which could be present are shown in 
Table 4.6. 1-5. This table also shows emission and absorption wave lengths and relative intensi- 
ties. For a specific species and set of test conditions (e.g., temperature, concentration), either 
absorption or emission could be the preferred measuring technique. The ESMS was designed to 
provide great flexibility in making these measurements. 

The ESMS consists of a 8-position detector head and associated electronics 
and instrumentation. The overall system is shown schematically in Figure 4.6.1-25. The detec- 
tor head mounts at the thruster, either indexed to the view ports in the DTC or at the exhaust of a 
small thruster. The water-cooled detector head is coupled by cable and fiber optics to a Local 
Equipment Rack which can be up to 3 meters from the head. This rack contains reference/ 
calibration lamps, OMA system, power supplies and electronics to interface to the operating 
equipment rack by coax and/or fiber optics data lines. The operating equipment rack is located 
in the control room and is connected to local displays and the control data acquisition system. 
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Figure 4.6.1-16. DTC Pyrometer Checkout and Calibration 









222 


Pyrometer Output Voltage, Millivolts 
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Figure 4.6.1-17. Signal Ratio Cubed versus Temperature 
T|_amp : Micron; Unit A & F, 9-7-90 
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Figure 4.6.1-18. Signal Ratio Cubed versus Temperature 
T Lamp : Micron; Unit B, 9-10-90 
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Figure 4.6.1-19. Signal Ratio Cubed versus Temperature 
T Lamp : Micron; Unit E, 9-10-90 




Table 4.6.1 -4. Curve Fit Constants for Pyrometer Data 

Fit: T x = m x ||lj n + b x 

X = Unit ID nix b x 


A 

677.1 

929.6 

3.000 

B 

893.5 

869.6 

3.000 

C 

N/A 

- 

- 

D 

N/A 

- 

- 

E 

716.3 

868.9 

3.000 

F 

576.0 

845.0 

3.000 


T x in °C 

Si, S 2 in millivolts 
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Deviation of Fit From Measured T, 




Figure 4.6.1-21. Pyrometer Fit Error versus Temperature 
Unit B: m = 893.5; b = 869.6; n = 3.000 
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Figure 4.6.1-22. Pyrometer Fit Error versus Temperature 
Unit E: m = 716.3; b = 868.9; n = 3.000 
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Figure 4.6.1-24. Pyrometer Error Due to Mixed Field Temperature 
Percent Error for Equal Area at T1 and T2 
(Unit A Calibration) 




Table 4.6.1 -5. Spectral Characteristics of Species of Interest 


Soecies 

Measurement Tvpe 

Wave Length, mm 

Relative Emission^) 
Intensity (O/H Flame! 

Absorption 
Detection Limit. PPR 

Rhenium 

Emission 

488.9 

0.1 


Rhenium 

Absorption 

346.1 



TBD 

Iridium 

Emission 

380.0 

-0.15 


Iridium 

Absorption 

266.5 



. TBD 

•Hydroxyl 

Emission 

310.0 

(Depends on MR and e (0) 100 


Copper (Ref.) 

Emission/Absorption 

327.4 

100 

1.2 

Nickel (Ref.) 

Emission/Absorption 

341.5 

80 

TBD 


(1) Relative intensity on a scale where sodium = 50,000 counts. 
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4.6, Diagnostic Thrust Chamber and Instrumentation Evaluation (cont.) 

The detector head has provisions for eight one in. dia measuring ports at one 
axial station. These ports can accommodate close-coupled photomultipliers tubes (Thom EMI 
Mod No. 96260) with narrow pass interference filters which can be used for either emission or 
absorption measurements. The eight stations can also accommodate fiber optic probes. These 
are used for wide-band spectral measurement with the EG&G OMA 1461 system or as inputs for 
a chopped reference beam for absorption measurements using an EG&G 5210 lock-in amplifier 
and AA absorption hollow-cathode spectral sources. 

The detector head is cooled to permit operation adjacent to exhaust plumes 
while maintaining the temperature- sensitive photomultipliers at constant temperature. 

Figure 4.6.1-26 shows the installation of the detector head on the DTC. The mount can be 
reversed so the optical axes are on the DTC exhaust plume. 

4.6.2 Fabrication 


The DTC was fabricated using the drawings shown in the previous section. 

The DTC is shown disassembled in Figure 4.6.2- 1 and assembled in Figure 
4. 6.2-2. The injector assembly with a specimen/chamber liner installed is shown in 
Figure 4.6.2-3; the injector face detail is shown in Figure 4.6. 2-4. 

The water-cooled ESMS detector head, with eight stations for photomulti- 
plier or fiber optic detectors is shown in Figure 4.6.2-5. The detector head is shown mounted on 
the DTC housing in Figure 4.6.2-6. 

The Diagnostic Thmst Chamber housing welds were proof and leak tested. 
The DTC injector cooling circuit braze joints were leak checked with GN 2 and then flow 
checked with water (Figure 4.6.2-7). The DTC igniter was fabricated, assembled, and electri- 
cally tested to 3 KV, the normal breakdown voltage at the tip in air. The DTC was assembled 
with the windows, igniter, and optical instrumentation in place and installed on the stand in 
Chem Bay 5 for fitup and leak check. 

During fitup, the pyrometers and Exhaust Species Monitoring System 
(ESMS) detector head were mounted on the DTC. The chamber measurement configuration for 
the initial setup was shown in Table 4.6. 1-1 A. For this testing, the ESMS detector head was 
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Figure 4.6.2-2. DTC Assembly 
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Figure 4.6.2-4. DTC Injector Face Detail 


240 




r\3 

4 ^ 



CO890 


Figure 4.6.2-6. DTC with Exhaust Species Monitoring System (ESMS) Detector Head 
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Figure 4.6.2-7. DTC injector Coolant Flowrate and Kw versus Delta P 
Water Flow Coolant Circuits 9-14-90 




4.6, Diagnostic Thrust Chamber and Instrumentation Evaluation (cont.) 

mounted at the chamber exit location as this permits the most flexibility in choice of specimen 
temperature measurement location. 

4.6.3 Testing 

The facility setup for the DTC testing is shown schematically in 
Figure 4. 6.3-1. It consisted of the oxidizer supply, gaseous oxygen; the fuel supply, gaseous 
hydrogen or methane; and their controls. The chamber was cooled with hot recirculating water 
to prevent condensation of moisture from the combustion products. The gas supplies were inter- 
locked with a flashback fuse which terminated the test if flashback occurred in the premixed 
gases entering the injector. 

The operating sequence, depicted in Figure 4.6.3-2 was chosen to minimize 
the possibility of flashback. The measurements taken to define test conditions and to control 
operation are shown in Table 4.6.3- 1. Figure 4.6.3-3 shows the DTC setup in the test bay with 
the ESMS and the optical pyrometer. 

A limited, one- week test campaign was conducted to characterize the DTC 
operation with O 2 /H 2 and O 2 /CH 4 . The planned operating conditions are shown in Table 
4.6.3-2. Tests of up to 10 minutes duration were conducted. With suitable operating conditions 
it appears that chamber loss rates are very low and that the system can be operated for hours at a 
time if desired. Table 4.6.3-3 shows the tests conducted. 

Much of the test time was devoted to developing the startup technique for the 
system. A difficult balance had to be achieved between providing good ignition conditions at 
start while still cooling the specimen adequately to prevent its damage through overheating or 
excessive loss during the start transient. Generally, start-up was most difficult with platinum 
because of its relative low melting point. Most of the tests were conducted with O 2 /H 2 . 

One day was allotted to checkout with O 2 /CH 4 . Most of the time was spent 
on obtaining a stable ignition sequence. This was not completely successful; operation for about 
8 sec duration was achieved. The start procedure used was to begin with about 25% of nominal 
propellant flow and then to increase to full flow while at the same time increasing nitrogen flow 
to cool the specimen. It was not practical to control this process manually. 
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Figure 4.6.3-1 . DTC Facility Schematic 






Figure 4.6,3-2. DTC Operating Sequence 



Table 4.6.3-1. Instrumentation for Diagnostic Thrust Chamber 



Function 

Ranee 

VTCV 

Propellant Valve Voltage 

30V 

POXU 

Ox Orifice Upstream Pressure 

500 psia 

POXD 

Ox Orifice Downstream Pressure 

200 psia 

TOX 

Ox Orifice Upstream Temperature 

C/A T/C 

PFO 

Fuel Orifice Upstream Pressure 

500 psia 

PFD 

Fuel Orifice Downstream Pressure 

200 psia 

TF 

Fuel Orifice Upstream Temperature 

C/A T/C 

PN2U 

Nitrogen Orifice Upstream Pressure 

500 psia 

PN2D 

Nitrogen Orifice Downstream Pressure 

200 psia 

TN2 

Nitrogen Orifice Upstream Temperature 

C/A T/C 

PC 

Chamber Pressure 

200 psia 

Si (I), s 2 (I) 

6 Each Optical Pyrometer Voltage 

0-5 V 

TWi 

Water Inlet Temperature 

C/A T/C 

tw 2 

Water Discharge Temperature 

C/A T/A 

WH20 

Injector Water Flowrate 

0 - 1 GPM 
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Table 4.6.3-2. 

Test Matrix for Task 6.3 Diagnostic Test 
Chamber Testing at A-Area 


TEST TYPE 

TEST OBJECTIVE 

PROPELLANT 

CHECKOUT 

PROOF 

BN2 

■ 

LEAK 

BN2 

• 

FION BALANCE 

02/H2 1 tern 

• 

IGNITION 

02/H2 A /CH4 

• 

DIAGNOSTICS 

02/H2 1 /CH4 

MATERIAL 

DETERMINE EFFECTS 

Q2/H2 

INTERACTION 

OF COMBUSTION 


a 

PRODUCTS 

02/H2 

■ 

a 

02/H2 

• 

a 

02/CH4 

a 

a 

02/CH4 

a 

a 

02/CH4 


MATERIAL 

MIXTURE 

RATIO 

CHAMBER PRESSURE 
PSIA 

mm 

RHENIUM 

RHENIUM 

mm 

OPERATING RANGE 
OPERATING RANGE 
OPERATING RANGE 

2 X MAX WORKING 
MAX WORKING 
OPERATING RANGE 
OPERATING RANGE 
OPERATING RANGE 

RHENIUM 

2 TO 12 

SO TO 150 

IRIDIUM 

2 TO 12 

SO TO 150 

PLATINUM 

2 TO 12 

SO TO ISO 

RHENIUM 

3 TO 4 

SO TO ISO 

IRIDIUM 

3 TO 4 

SO TO ISO 

PLATINUM 

3 TO 4 

SO TO 150 


EXPOSURE, DURATION, DIAGNOSTICS 

1.0-L/Lc MINUTES (1) 


1.0 

1 

1.0 

1 TO 10 B CHAMBER l EXIT 

1.0 TO .33 

40 OR TO « CHAMBER t EXIT 


OPTICAL SIGNAL 

1.0 TO .33 

40 DR TO I CHAMBER k EXIT 


OPTICAL SIGNAL 

1.0 TO .33 

40 OR TO a CHAMBER 1 EXIT 


OPTICAL SItttAL 

1.0 TO .33 

40 OR TO B CHAMBER 1 EXIT 


OPTICAL SIGNAL 

1.0 TO .33 

40 OR TO a CHAMBER 1 EXIT 


OPTICAL SIGNAL 

1.0 TO .33 

40 OR TO a CHAMBER 1 EXIT 


OPTICAL SIGNAL 


ID PRE I POST SEN I EDS, COMPARISON MICRO-NETALLOSRAPHIC ANALYSIS, DIMENSIONAL CHANBES 




Table 4.6.3-3. DTC Test Log 


From Pape Nn. 


Date 

10/26/90 

DTC No. 
-001 

Soecimen 

IrOOl 

ProDellants 

O 2 /H 2 

10/26/90 

-002 

Ir 003 

O 2 /H 2 

10/29/90 

3, 4, 5, 6 

PtOOl 

O 2 /H 2 

10/29/90 

7, 8 , 9; 10 

Pt 002 

O 2 /H 2 

10/30/90 

11 , 12 

Pt 002 

O 2 /H 2 

10/30/90 

13, 14 

Pt 003 

O 2 /H 2 

10/31/90 

15, 16 

Re 001 

O 2 /H 2 

10/31/90 

17, 18, 19 

Re 002 

O 2 /H 2 

10/31/90 

20 

Re 002 

O 2 /H 2 

10/31/90 

21,22 

Re 002 

O 2 /H 2 

10/31/90 

23, 24, 25 

Re 003 

O 2 /H 2 

11/1/90 

26 

Re 004 

O 2 /H 2 

11/1/90 

27 

Re 004 

O 2 /H 2 

11/1/90 

28 

Pt 004 

O 2 /H 2 

11/1/90 

29 

Pt 004 

O 2 /H 2 

11/1/90 

30 

Pt 005 

O 2 /H 2 

11/1/90 

31 

Pt 005 

O 2 /H 2 

11/1/90 

32 

Pt 006 

O 2 /H 2 

11/2/90 

33 

Re 006 

O 2 /CH 4 

11/2/90 

34-38 

Re 005 

O 2 /CH 4 

11/2/90 

39-43 

Re 005 

O 2 /CH 4 

11/2/90 

44-45 

Re 005 

O 2 /CH 4 

11/2/90 

47A, B, 
C, etc. 

Re 005 

O 2 /CH 4 


Time, 


Pc. psia 

MR 

sec 

Comments 

30 

4.0 

2 

Specimen end 
is fractured 

43 


30 


40 

4 

— 

Melted off 

50 

4 

- 

Start problems 

50 

4 

~5 

Melted off 

50 

4 

19.4 

Melted off 

50 

4 

60 

Hole in 
specimen 

50 

4 

- 

Flashbacks 

50 

4 

60 

Specimen looks 
good 

50 

4 

600 

Specimen looks 
good 

150 

4 

360+ 

Specimen 
broke in two 

50 

6 

~20 

Burnout during 
startup 

50 

6 

600 


50 

4 

~3 

Went out 

50 

4 

60 

Holes; high on 
MR 

50 

4 

— 

Went out 

50 

4 

453 

Crease 

50 

6 

42 

Large holes 

50 

1.8 

- 

No ignition 

50 

2.3 

0.1 

Ignition, goes 
out 


Various 


More pops 


Various 

8 + 

Pops, etc. 

Raw 8 sec, 
went out 
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4.6, Diagnostic Thrust Chamber and Instrumentation Evaluation (cont.) 

Table 4.6.3-4 is a summary of data from the tests; further analyses of the data 
was deferred to permit conduct of the 14 lb Ir-Re thruster testing. 

The mass loss rate data for the successful tests are plotted in Figure 4.6.3-4 as 
a function of test duration. There is a general tendency towards lower mass loss rates at longer 
durations, consistent with high loss rates during the start transient. 

Before resuming DTC testing, the gas flow control hardware should be mod- 
ified so that the required start transient can be obtained without manual intervention to avoid fre- 
quent damage to the specimen during the long start transient. 

Optical Measurements 

Optical data from selected tests are described here. Measurements shown are 
representative of the types of data that can be obtained with the ESMS emission/absorption 
system. 


Test DTC-002 

This test exposed Ir chamber specimen Ir 003 to O 2 /H 2 combustion products. 
The absorption signal. Figure 4. 6.3-5 indicated average value of about zero for the 30-sec dura- 
tion. The initial and final weights of the specimen were the same, 1.1045 gm. 

Test DTC-032 

In this test chamber specimen Pt 006 was exposed to O 2 /H 2 combustion products at Pc = 50 psia 
and MR = 6 for a duration of 42 sec. Holes were melted in the specimen, so no valid mass loss 
data were available. Absorption measurements were made at 270 nm, and emission 
measurements were made at 260, 270 and 310 nm. These measurements are plotted in raw form 
on a linear scale for the full test in Figure 4.6. 3-6. There is an initial period of high 
absorption/emission of about 8 sec, during the start transient, followed by about 20 seconds of 
nearly baseline emission and absorption. At about 27 sec emission and absorption gradually 
increased until FS-2. Normalized absorption at 270 and emission at 260 nm are shown in Figure 
4.6.3-7. They show direct correlation with each other throughout the firing. Figures 4.6.3-8 
through -10 show the start, steady and shutdown optical measurements. These measurements are 
consistent with the major damage experienced by the chamber specimen. 
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Table 4.6.3-4. 
Summary of DTC Results 


PROPEL- 


RUN# 

DATE 

SPECIMEN 

LANTS 

DTC-020 

10-31-90 

Re-002 

02/H2 

DTC-022 

10-31-90 

Re-002 

02/H2 

DTC-025 

10-31-90 

Re-003 

02/H2 

DTC-027 

11-1-90 

Re-004 

02/H2 

DTC-031 

11-1-90 

Pt-005 

02/H2 

DTC-047 

11-2-90 

Re-005 

02/CH4 






MASS 



RUN 

MASS 

LOSS 

MR 

Pc 

TIME, 

LOSS, 

RATE. 

O/F 

psia 

sec 

mg 

mg/hr 


4 

50 

60 

3.5 

210.0 

4 

50 

600 

3.3 

19.8 

4 

150 

360 

122.8 

1228.0 

6 

50 

600 

17.0 

102.0 

4 

50 

453 

0.3 

2.384 

6 

30 

8 

13.0 

5850.0 
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SIGNAL INTENSITY 
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Figure 4.6.3-6. DTC Plume Absorption and Emission 
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Figure 4.6.3-7. DTC Normalized Plume Absorption and Emission 
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Figure 4.6.3-10. DTC Plume Absorption and Emission 



4.6, Diagnostic Thrust Chamber and Instrumentation Evaluation (cont.) 

Test DTC-047 

This chamber specimen. Re 005, was exposed to O2/CH4 combustion for 
approximately 8 sec after several ignition attempts (Figure 4.6.3- 1 1). Mixture ratio and wall 
temperature at three locations are shown in Figure 4.6.3-12. Nominal MR was steady but very 
high at about 6.0 {stoichiometric is 4.0) for the first 6.5 sec and then rose to nearly 10. Indicated 
temperature at the first station went to zero as the MR increased, probably because of bum 
through at this point. Emission at 488 nm (Re) shows a large peak at about 2 sec and another 
near shutdown (Figure 4.6.3-13). 
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Figure 4.6.3-13. DTC Test No. 47 Emission at 488nm Vs. Time 
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Task 1.1 


Candidate Materials and Fabrication Process Selection 


1.0 Objective 

The objective of Task 1.1 is to select material candidates for evaluation in Phase I 
of the program. The candidate materials must be capable of operating for many hours 
at temperatures above 3500 F, and preferably above 4000 F, in a sonic flow stream 
where the stream composition may vary from reducing to mildly oxidizing. 
Furthermore, the material system must have sufficient thermal shock resistance to 
withstand at least 10 5 engine pulses, many of which may be full thermal cycles. 

2.0 Background 

A large number of high-temperature material systems have been evaluated for 
use in low-thrust chemical propulsion by the propulsion industry. Most of these systems 
have been of the carbon-carbon composite type with metal carbide coatings, e.g., HfC, 
SiC, etc. Over the past five years, Aerojet has purchased and tested several types of 
advanced materials using our Rocket Materials Tester shown in Figure 1. The testing 
(References 1, 2, 3, and 4), summarized in Table I, included both metallic and 
nonmetallic materials. Thus far, it has been clearly established that a chemical vapor 
deposited (CVD) layered-wall chamber, comprised of a 0.002-in.-thick liner of iridium, 
overlaid with a thicker structural layer of rhenium, is superior to all other materials 
when measured by operating temperature and time. A single unit has operated 15 hours 
at nominal temperatures of 4000 F, using the test device shown in Figure 1. Other test 
articles of identical design have accumulated firing durations of 8 or more hours and a 
20X scale-up, i.e., 100-lbF thrust test chamber of the same materials, has demonstrated 4 
hours at -3200-3500 F without failure. Because no other material system has 
approached these demonstrated capabilities, the iridium-lined rhenium chamber has 
been selected as the baseline high-temperature material to be used for comparison with 
other advanced high-temperature, oxidation-resistant material systems. 

The only other materials which have demonstrated oxidation resistance superior 
to iridium are platinum and alloys of platinum and rhodium, these systems, however, 
are limited to —’3000 F operation. 


A-2 



jaissi |B|J3)e|/\| jaquieqo - ). ain6ij 


asm 'Q'o os?' 



A-3 1 



A-4 


TABLE I 

Aerojet High Temperature Rocket Materials Test Data Base 


Material 


Source 


Chamber 
Type S/N 


Thrust 

IbF 


Temp 
Range, F 


MR, 
NTO/MMH 


Total Burnt 
Time, 
Sec 


Full 
Thermal 
Cycles 


Total 

Starts 


Throat, ID 
Change; In, 


Contract 


Rhenium 

Rhenium 

Rhenium 

Ir-Re 

Ir-Re 


HKD2- Ir-Re 
Ir-Re 
Ir-Re 
Ir-Re*** 
Ir-Re 
Ir-Re 


SFL 

SFL 

Ultramet 

Ultramet 

Ultramet 


85001 

85002 

85003 
86001 
86002 


1,940-3,700 
2,730 - 3,720 
1,550 - 3.730 
3.400 - 4,200 
3,500 - 4,000 


0.8-1.65 
0.8-1.72 
1.1 - 1.51 
1.2-2.18 
1.4- 1.7 


1,762 

9009 

575 

31,363 

13,018 


24 

34 

10 

37 

14 


8,889 

1,207 

12 

3,638 

14 


.028** 

0 . 002 ** 

0.000 

Hole 

Hole 


Ultramet 

Ultramet 

Ultramet 

Ultramet 

Ultramet 

Ultramet 


86005 

86003 

86004 
86009 

88001 


5 

5 

5 

5 

100 

5 


3,540 - 4.100 
4,010-4,300 
4,000 - 4,070 
3,920 

3,200 - 3,500 
2,500 - 3,500 


1.4 - 1.6 

1.4- 1.7 
1.55-2.0 

1.4 

1.5- 1.7 
1.6 


1,232 

28,426 

54,431 

926 

3,381 

6,774 


5 

74 

70 

9 

30 


5 

157 

2,701* 

10 

30 

100,000 


Hf02 Spalled 
Hole 
0.000 
0.000 
0.000 
0.000 


IR&D 

IR&D 

IR&D 

IR&D 

IR&D 


IR&D 

NASA 

NASA 

SBIR 

JPL 

NASA 


Ir-Ro 
Ir-Re*** 
Ir-Re 
ODS Pt 
ODSPt 


Ultramet 

Ultramet 

Ultramet 

Englehard 

Englehard 


100 

5 

5 

5 

5 


3.200 - 3,500 
2,000 - 3.000 
Not tested 
Not tested 

2,000 


1.5 -1.7 
1 . 8 - 2.8 


1.8 - 2.8 


15,000 

7,800 


3,000 


33 

29 


15 


33 

29 


15 


0.000 

0.004 


0.000 


JPL 

IR&D 

IR&D 

IR&D 

IR&D 


ZGSPt 

ZGSPt 

ACC4CC 

ACC4CC 


JM**“ 

JM**** 

Vought 

Vought 


85004 

86005 

86006 
86007 


2,600 - 3000 
2,600 - 3,000 
1,625-2,375 
Not tested 


0.8 

0.8 - 2.0 
1.4 -1.5 


1,011 

2,237 

327 


5 

25 

4 


5 

43.158 

4 


0.000 

0.000 

Hole 


IR&D 

IR&D 

IR&D 

IR&D 


HFC-CC 
SiC K-Karb 
C-103/R512E 
C-103 


Rhenium 


Ref Comp Inq 
Midland Mat 
HiTemco 
Thermocore 


87001 

85006 

86008 

Heatpipe 


2,860 

1,340- 1.800 
2,200 - 2,610 
2,000 


1.59 
1.4 - 1.7 
0 . 8 - 2.1 
0.7-1.65 


105 

222 

4,170 

905 


1 

3 
16 

4 


1 

3 
16 

4 


Mechanical 

0.0025 

0.001 

0.000 


Ultramet 


25 


2,000 - 4,000 


02/H2 

Q2/CH4 


6,840 

360 


192 

6 


192 

6 


0.000 

0.007 


‘Cycled 3,500 to 4,000 F 
** Material Loss Encountered in Pulsing and When Operated at MR>1 .5 
“‘Iridium Thickness Two Times Nominal .002 in. 

““Johnson Matthey 


IR&D 

IR&D 

IR&D 

SBIR 


Test @ JPL 


log 88.716 






















































3.0 Improvement of Materials 


Potential advancements in material systems relative to the Ir/Re baseline fall 
into six categories. These are listed in Table II and discussed in this section. 

TABLE II 

MATERIAL IMPROVEMENTS 

1) Cost reduction 

2) Quality improvement 

3) Longer life 

4) Higher operating temperatures 

5) Reduced weight 

6) Improved oxidation margin 

3;1 Improvement Options 

1) CQst Reduction This option addresses material systems or 
fabrication approaches providing the same temperature and life capabilities as the 
baseline which can be produced at lower cost. This would include (a) improving the 
CVD fabrication process efficiency which has a 50-80% material loss rate or the use of 
other more efficient fabrication processes, and (b) improving material structural 
properties so that smaller quantities of costly materials are required. 

2 ) Quality Improvement The CVD fabrication process control is not 
sufficiently developed at this time to allow flight-qualified components to be fabricated. 
Optimization of the CVD process, or use of a post-deposition HIP or other possible 
fabrication methods, represents another type of advancement in material technology 
that will be required before proceeding into a flight system. 

3) Longer Life Extending the operating life beyond 15 hr at 4000 F 
represents another improvement. This could be accomplished by use of thicker iridium 
layers and possibly by the use of a diffusion barrier between the iridium and rhenium 
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layers. Improvement in the high-temperature creep properties of rhenium and thicker 
iridium deposits would also be required. 

4 ) Higher Operating Temperature Increasing the operating tempera- 
ture above 4000 F could be useful as the combustion products of other propellants, such 
as O2/H2 and O2/CH4, are -600 F hotter than the storable N2O4/CH3N2H3 
propellents used in the Aerojet Material Tester. 

. 5 ) Reduced Weight Weight reduction provides another useful form 
of material improvement. The iridium and rhenium materials are very dense, resulting 
in heavy parts. A high cantilevered chamber mass makes it necessary to reinforce the 
chamber head to withstand anticipated vibration loads. This, in turn, makes thermal 
isolation of the hot chamber more difficult and can limit operational flexibility. 
Potential methods of reducing weight include alloying with lower density materials, and / 
or the use of dispersion strengthening or grain stabilization to improve high-temperature 
creep strength. 

6 ) Improved Oxidation Margin Iridium is lost at a slow rate at high 
temperature even under mild oxidation conditions. Most small thrusters normally 
operate fuel rich, so this is not a major problem. A significant loss of material, however, 
can result from a poor injector design, a partially obstructed or misaligned fuel element, 
or a faulty tank pressurizing system. The addition of an oxide coating over the iridium 
could provide improved design margin. 

3.2 Technical Approach to Options 

The various possible technical approaches that can be employed to attain 
the six types of improvements are discussed in this section. 

3.2.1 Cost Reductions 
Options include: 
o Optimize CVD process 
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o Provide multiple fabrication sources (competition) 
o Investigate more efficient processes 
plasma spray 
casting 

powder metallurgy + HIP 
wire preforms + HIP 
o Lower cost materials 

alloys of W-Re, Re-Mo, Re-Nb 

grain-stabilized Re (stronger, therefore, less required) 

replace iridium 

3.2.2 Weight Reduction 
Options include: 

o Rhenium alloys, higher strength 
Mo-Re (lower density) 

Nb-Re (lower density) 

o Improve high-temperature creep strength (thinner walls), dis- 
persion strengthen, grain stabilize 
o Monolithic ceramics 

3.2.3 Longer Life 
Options include: 

o Thicker iridium 

o Diffusion barrier between iridium and rheniun 

3.2.4 Higher Temperatures 
Options include: 

o Other material systems, mixed carbides 
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3.2.5 Improved Oxidation Margin 


Options include: 

o Oxide overcoat on iridium, i.e., stabilized Hf (>2 


3 .2.6 Better Quality 

The most direct approach to better quality is to optimize the CVD 
process. This includes adding control specifications on the process parameters, and raw 
material composition, and the use of in-process diagnostics, i.e., monitor O 2 content, etc. 
NASA has funded Ultramet to perform this task under Contract NAS 3-25792. 

It can be noted that certain approaches have multiple benefits. For 
example, increasing high-temperature creep strength of rhenium can reduce both cost 
and weight. Alternate fabrication processes which provide thicker, higher quality 
indium could improve life and reduce cost compared to CVD which is only 50% 
efficient at best. 

Ranking of Priorities and Possible Options 


Two factors were considered in ranking the six possible improvement categories 
relative to the long range NASA goals. One was the importance of the improvement 
relative to the present contract, the other was the degree of risk, i.e., the probability of 
success within the program resources. When evaluated by the importance to risk ratio, it 
was concluded that developing the fabrication process controls for flight-qualified 
components of the baseline material system was number one. There is little question 
that the process can be improved and the work is essential if flight systems are to be 

produced. It was also concluded that this important task was not in accord with our scope of 
work. 
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Next in importance were reduced weight and improved oxidation margin. These 
were ranked equally important. Reducing the weight was seen as essential to both the 
thermal management (reduced heat soak) and vibration design criteria. The oxidation 
margin improvement was seen as being required for the ciyogenic propellants which 
burn hotter and therefore contain a greater mole fraction of HO + and O' than the 
storable propellants. Space station applications may require operation at higher mixture 

ratios, i.e., 8:1 for O 2 /H 2 . 

Reducing cost was ranked third, mostly because of the low risk rather than great 
importance. 

Longer life and higher temperature systems were lowest in ranking for different 
reasons. The 15 hr demonstrated at 4000 F without failure appears more than adequate 
for the foreseeable applications. An effort to increase life is not required at this time. 
The iridium is now operating within 400 F of its melting point (Tm=4436 FI It is not 

“““»»> & operating tetnp. 4L. IntrohncOon 

material system designed for operation at higher temperatures is very important, but is 
accompamed by a very high probability of failure and, therefore, could be either 
nonproductive or consume resources which are planned for use in the diagnostic tasks. 

Investigation of an all-new system, i.e., carbon-carbon ceramic, is not in the best interest 
of the program. 

5.0 Discussion of Material Options 

5,1 Improvement of High-Temperature Siren 

Increasing the material creep strength at high temperature will reduce the 
required chamber wall thickness, and therefore, reduce the chamber thermal energy 
storage and cantilevered chamber mass. In combination, these will minimi t h e 
thermal heat soak, provide greater pulse mode duty cycle capabilities, and enable the 
thruster to withstand the imposed vibration requirements. It must be cautioned that any 

changes or modification of the substrate material (rhenium) must be compatible with 
the iridium liner concept. 
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The first material selection criteria is melting temperature and density. 
Figure 2 provides a comparison of the melting temperatures and density of candidate 
metallic materials. Tungsten (Tm=6128 F) is the only metal having a melting 
temperature higher than rhenium (Tm=5755 F). Rhenium was selected over lower-cost 
tungsten for our baseline design because of its excellent low-temperature ductility 
(Figures 3 and 4). Tungsten and molybdenum are noted to be brittle at room 
temperature. The only other metal worthy of consideration for 4000 F structural 
member is tantalum (Tm=5395 F) which is also ductile at low temperatures. 

The second criteria for substrate material selection is expansion 
coefficient relative to iridium. Based on the data of Figure 5, the order of preference of 
the materials is tantalum, rhenium, and tungsten. 

The third criteria is strength at elevated temperature. Standard methods 
of improving the high-temperature strength of elemental metals are alloying, dispersion 
strengthening, and/or the addition of a grain stabilizing agent to provide retention of a 
fine-grain morphology during extended operating periods at elevated temperature. It is 
well known that the structural properties of molybdenum, tungsten, and platinum can be 
significantly enhanced by combinations of these standard methods. Another method to 
be considered is the use of composite structures. 

5,1J R henium Alloys An investigation of published data indicates that 
alloying of pure rhenium results in a decrease of the high-temperature rupture strength. 
Figure 6 provides a comparison of the time-to-rupture at 2200 C (3991 F) of rhenium, 
tungsten, molybdenum, and various alloys of these materials. The addition of 
molybdenum, which is less than half the density of rhenium, 10.2 vs. 21 gm/cc, results in 
a less favorable strength-to-weight ratio than pure rhenium. The common alloys of 
tungsten-rhenium, used to reduce cost, appear to provide no structural improvement. 

5.1.2 Tantalum Tantalum and its alloys were investigated and, as 
shown in Figures 7 through 10, pure tantalum has significantly lower high-temperature 
creep strength than rhenium. Some of the more important tantalum-base alloys which 
have been developed are: 
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Figure 2. Comparison of Melting Temperatures and Density of High Temperature Chamber Materials 



ejnjejadujai uojijsueji aiuug-o) -among am 
saAOjdui| iunuapqA| 0 |/\| o\ lumuaqy jo uoqippv am ajn6iy 

89e - 88l 6o| 

D '9 jn *ojadiu3j[ 



duis pazniejsAjo wml uj 020 0 


ajniejaduiai uopisueji amug -o)-d|!iona am 
saAOjduii uaisBuni o\ lumuaqy jo uopjppv am x ajn6ij 

Z9C88l6oi 3 ‘ajnjojadujaj. 







STRESS, RSI 



Stress-Rupture Characteristics of Rhenium and Rhenium 
Alloys Compared to Those of Molybdenum Molybdenum- 
TZM, Tungsten at 2200°C (3991 °F) 



Density 
gm cm3 

SI 00/P 

Mo 

10.2 

19.6 

Re 

21.0 

80.9 

W 

19.3 

67 


Figure 6. Mechanical Properties - High-Temperature Stress-Rupture Data 
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Stress, psi 



Figure 7. Creep Rate Data for Electron-Beam-Melted Tantalum Tested in 
Helium. (Filled Points Represent True Creep Stresses 
Corresponding to Minimum True Creep Rates; Open Points 
Represent Engineering Stress vs Linear Creep Rate.) 



Figure 8. Stress-Rupture Data for Electron-Beam-Melted Ta-lOW Sheet 
Tested in Vacuum (Data From Conway, Ref. 5) 
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Total Creep Strain, Percent 



(b) Test Temperature, 2200°F; Common Stress-to-Density Ratio, 1.3 x 10 4 Inches 


Figure 9. Comparison of the Creep Behavior of Several Tantalum and 
. Niobium Alloys Tested in Vacuum (Data From Conway, Ref 5) 
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Figure 10. Stress-Rupture Data at 3500°F for Various Ta-W-Mo Alloys 
Tested as Recrystallized Sheet in Vacuum (Ref. 5) 


A-17 






Ta-10 W* 

Ta-20 W* 

Ta-8 W-l Hf (T-lll) 

Ta-9.5 W-2.5 Hf-0.01 C (T-222) 
Weight percent. 


Commercial 

Experimental 

Experimental 

Experimental 


Creep-rupture data for these prominent compositions and for some 
other tantalum alloys which have been studied to only a limited extent are presented in 
the following sections. 


Figure 8 provides creep rupture strength for Ta-10 W which is a 
commonly available alloy. This data is ambiguous at 4000°F and comparison with unalloyed 
Rhenium data suggests lower strength (15 to 75%). 

Figure 9 from Conway (Reference 5) compares the strain of Ta-10 
W with the T-lll and T-222 at 2200 F, the highest temperature for which comparable 
data could be found. These data show a significant improvement in high-temperature 
creep strength for T-222 compared to the other alloys shown. 


Figure 10 from the same reference provides creep rupture data for 
Ta-20 W at 3500 F compared to Ta-Mo and Ta-W-Mo alloys. The two-hour rupture 
strength of the Ta-20 W, based on one data point, is estimated to be slightly higher than 
8000 psi. Insufficient data were found for a direct comparison with rhenium at 4000 F. 


Figure 11, showing the stress-to-density ratio of a range of alloys 
was employed to project how rhenium compares to these tantalum-based alloys. The 
comparison was made on 0.5% total creep. The results, based on very limited data, 
indicate that rhenium has a higher creep strength-to-density ratio at high temperatures. 


Thus far, it appears that there are no commercially available 
tantalum or tungsten alloys which are structurally more favorable than pure rhenium. 

5 * 1 * 3 Moy s of Tungsten and Rhenium Hafnium and Carbon The 
literature investigation has reveled that extensive work has been conducted by NASA for 


A- 18 



S 7 a d ujojj oj;eu A)jsuec]-o)-ss0j;s jo suuai ui sAouv 
snouBA 10 Lj}6uaj)s daejQ Buuedwoo joid jaiaiuBJBd jainw uosjbh 'll ojhBsj 

( SJ M * 'd 0 l> £ _0t x (*901 + 51)1 

T — 0 

o 



APPLIED STRESS- TO-DENSIfY RATIO - I0 4 IN. 



the past 20 years on an experimental dispersion strengthened alloy comprised of W-Re- 
CHf, References 6 through 15. Two alloys are presently under additional investigation 
under NASA/Lewis contract. These are W-23.4 Re-0.27 (Hf+C) and W-3.6 Re-0.4 
(Hf + C). A comparison of the high-temperature yield and ultimate tensile strength on 
these two materials with CVD rhenium is provided in Figure 12. 


Dr. A. Lou (Reference 16) of Arizona State conducted tensile tests 
of the W-3.6 Re-0.4 Hf+C alloy at temperatures between 1900-3000 C. The tests 
conducted in 1988 were based on a l-in.-dia rod fabricated by Westinghouse for 
NASA/LeRC m -1970-1975, Reference 17. His results at 2200 C are comparable with 
properties of reciystallized material reported earlier by Klopp (Reference 10). At an 
operating temperature of 2473 K (4000 F), this alloy provides a yield strength of 180 
Mpa (26,000 psi) compared to 38 MPa (5500 psi) reported by Svedberg, Reference 18) 
for Ultramet CVD rhenium. This improves the strength-to-weight ratio by nearly a 
factor of 5. Furthermore, the cost of tungsten is an order of magnitude less than 
rhenium. Figure 13 compares the linear creep rates of CVD rhenium with the W-3.6 
Re-0.4 (Hf+C) alloy. The strength advantage in creep is greater than 400% at 3500 F. 
Figure 14 shows this material also has a more favorable high-temperature ductility than 
CVD rhenium. Unfortunately, the material ductile-to-brittle transition temperature is 
above ambient temperature, as shown in Figure 15. This is a concern for cold starts in 
space. The use of a metal matrix composite design, such as shown in Figure 16, could 
provide a design solution to this limitation. As represented by the data provided in the 

appendix, this material is sufficiently well characterized to allow preliminary designs to 
be established. ^ 


The alloy having the higher (24%) rhenium content results in a 
more favorable ductile-to-brittle transition temperature, Figure 15, but exhibits a much 
lower tensile strength at the high temperatures of interest. 


The fabrication status of these materials was determined by 
personal communications with the technical staff at NASA/LeRC, Westinghouse, and 
Phillips Elmet. Both alloys have been prepared by vacuum arc melt at Westinghouse,* 

Personal communication with Mr. B. Buckman. 
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O CVD Rhenium Svedberg 
□ W-24 Re - 0.27 (Hf+C) Klopp 
A W-3.6 Re - 0.4 (Hf+C) LUO 
0 W-3.6 Re-0.4 (Hf+C) Klopp 
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Comparison of Yield Strength of CVD Rhenium With Advanced W-Re Hf+C 
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Figure 12. Comparison of Ultimate Tensile Strength of CVD Rhenium With 
Advanced W-Re (HF+C) Alloys 
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Typical Properties Ultramet CVD Rhenium (Ref 18) 
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Figure 13. Creep Rates for Alloy W-3.6 Re-0.4 (HP + C) at 3500°F (1927°C) 

in as-Swaged, Recrystallized, and Solution-Annealed Conditions. 
Unalloyed Tungsten is Included for Comparison (Ref 10) 
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Figure 14. Effect of Temperature on the Tensile Elongation of 
W-3.6Re-0.4HfC (Ref. 16) 
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(b> Arc melted. 

Bend transition temperature of electron-beam- and arc-melted 
tungsten and tungsten-rhenium alloys as rolled and after annealing fo 
1 hour at various temperatures. (Ref. 7) 



Ductile-brittle transition temperatures for arc-melted 
tungsten, W-4Re, W-Hf-C, and W-4Re-Hf-C. Average values 
are shown for tungsten and W-4Re, while median values and 
average differences from median are shown for W-Hf-C and 
W-4Re-Hf-C. (Ref 10) 


Figure 15. Low Temperature Ductility Properties of W-Re-Hf+C Alloys 
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swedged to bar at Oakridge, and shipped to Phillips for wire fabrication. The NASA 
goal is to produce 0.015-in.-dia wire near-term and 0.008-in.-dia wire as a final product. 
The availability of this material could reduce the wall thickness of the present 5-lbF 
thrust rhenium chamber from 0.040 in. to -0.012 in., as shown by the sketch in Figure 
16. Due to technical difficulties in the final wire drawing, in combination with funding 
limitations, the NASA project engineer could make no assurances that the material 
would become available in wire form in the next 18 to 24 months. Apparently, material 
is presently in bar and rod shapes in sufficient size to fabricate a small chamber. 

5.1.4 Oxide Dispersion Strengthening 

The addition of small quantities (< 1%) of finely dispersed oxides, 
such as TI1O2, Zr02, and Y2O3, to elemental metals such as tungsten and platinum can 
provide significant improvements in high-temperature properties. Figure 17 displays the 
increase in UTS that can be attained in platinum by the addition of 0.5% zirconia to Pt 
and to Pt-10 Rh. The zirconia grain-stabilized material is designated by the ZGS prefix. 

A comprehensive literature investigation revealed no commercially 
available oxide grain-stabilized rhenium materials. The only documentation of the 
fabrication of this material was by Barr, References 19 and 20, for the NASA. This 
material was produced by slip casting. Photomicrographs presented in the 
documentation revealed excess porosity indicating further process development is 
required. No mechanical property data for this material were presented. 

Discussion with W. D. Klopp, Reference 21, material consultant 
and a co-developer of the W-Re-Hf-C alloy revealed that oxide dispersion-strengthened 
rhenium was not considered during the development of these high-temperature alloys 
because of the high cost of rhenium and the large quantities required. Poor nuclear 
adsorption characteristics also made the alloy undesirable in previous applications. 
Discussion with several other long-time refractory metal experts indicated no known 
published work on thoria stabilized unalloyed rhenium. Most agreed that an approach 
of this type could have a high payoff and should be investigated further. 
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Discussion with Fred Foyle of Rhenium Alloys, Inc., revealed that 
oxide dispersion-strengthened rhenium had been fabricated by his company in the past 
for a special application. Residual material containing 1% ThC>2 is available in wire dia 
of 0.005, 0.010, and 0.025 inch. No mechanical properties data were available from the 
manufacturer. Small samples have been requested for examination of the micro- 
structure. If the material appears sound, sufficient quantities are available to conduct 
tensile and creep characterization tests. 

5*2 Improved Oxidation Resistance 


The availability of high-temperature, oxidation-resistant materials other 
than iridium was investigated. These fall into three groupings as follows. 

1) Other platinum group metals 

2) Metal oxides 

3) Other non-oxide refractories 

5*2*1 Platinum Group Metals 

A comparison of the melting temperature and relative oxidation 
rates of the platinum group metals is shown in Table HI Figure 18, respectively. Of 
these, only platinum and rhodium are more oxidation resistant than iridium. These two 
elements can be added to iridium to improve its oxidation resistance. However, as 
shown in the Phase Diagrams in Figure 17 A, this reduces the melting temperature significantly. 
Platinum, grain- stabilized platinum, platinum- 10 rhodium, and platinum-(5 to 30) Ir should be 

considered the preferred oxidation-resistant materials for temperatures up to —3000 F. 
The only member of the platinum group metals which has a higher melting temperature 
than iridium is osmium, Tm=3300K (5480 F). As shown in Figure 18, the oxidation 
resistance of osmium is significantly lower than the other members of this family of 
elements. Alloys of platinum-iridium with up to 30% iridium are commercially available 
from Johnson Matthey, Inc. The addition of 30% iridium to platinum increases the 
melting temperature, 1770 C (3217 F), to 1885 C (3424 F), while reducing the oxidation 
resistance. The alloy, however, is significantly more oxidation resistant than pure 
iridium. The difficulty in fabricating the Pt-30Ir alloy discourages its use except where 
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Figure 18. Weight Loss vs. Time for the Piatinum Group Metals 
in Air, From Reference 4 






absolutely necessary for extra thermal margin. The Ir-Pt Phase Diagram in Figure 17A 
indicates higher iridium alloy content is theoretically , possible. These higher alloys however- 
are not fabricable by standard methods because of very poor ductility. 


The addition of 40% rhodium to iridium was examined in 
References 4 and 22. Similar difficulties in fabrication were reported. The Ir-40 Rh 
alloy has a melting temperature of 2250 C (4081 F). Experimental data from Reference 
4. indicates that the addition of 40% Rh reduces the air oxidation of iridium at 3000 F by 
a factor of ~4. This is in good agreement with the data of Dickson, Reference 22 , who 
tested Ir-30 Rh in air at 3860 F. Dickson evaluated the oxidation resistance of a number 
of alloys and cermets which included Ir, Rh, Re, Os, Ta, and a number of oxides. In his 
experiments, candidate coating alloys were subjected to plasma-arc oxidation at 3860 F 
in a simulated air environment. The coatings were found to have the following order of 
increasing surface recession rates: 


o 

o 

o 

o 

o 

o 

o 

o 

o 

o 


Ir-30 Rh 

Ir-5 vol% Th 02-5 vol% Ta 205 

Ir -10 vol% Hf 02 

Ir -10 vol% Si 02 

Ir-10 vol% AI 2 O 3 

Ir-10 vol% Th 02 

Unalloyed iridium 

Ir-15 Os 

Ir -10 vol% MgO 

Hf-25 Ta 


Table IV provides the actual material loss rates. The above 
ranking indicates that the addition of Th 02 , Ta 205 , and Hf 02 can provide 
improvements in oxidation resistance compared with unalloyed iridium. The addition of 
Th0 2 and Hf0 2 were noted to be beneficial. The further addition of Ta 2 0 5 , which has 
a melting temperature below the test temperature (see Table V), was found to be 
second only to the Ir-30 Rh alloy. Si 0 2 and A 1 2 C >3 would ordinarily not be used 
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TABLE IV 

Oxidation in Plasma-Arc Rig at 3860°F For 1 Hour 


Composition 


Oxygen Ingression 
RateO-) 
(mil/hr)*- 


Arc Melt 


Ir, No. 1 
It, No. 2 
Ir, No. 2 

Ir-30 wt% Rh, No. 1 
Ir-30 wt% Rh, No. 2 
Ir-30 wt% Rh, No. 2 
Xr-15 wt% Os 
Hf-25Ta( 4 ) 


9.1 

6.1 
6.4(2) 
1.3 
4.1 
4.4(2) 
7.6 

390.0 


Powder Metallurgy 
Ir 

Ir-10 vol% Hf0 2 
Ir-10 vol% MgO 
Ir-10 vol% S10 2 ^ 3) 

Ir-10 vol% TI 1 O 2 

Ir-10 vol% AlgOg 

Ir-5 vol% Th02“5 vol% Ta^O^ 


8.3 
5.9 
7.8 

6.4 
6.7 

6.5 

5.6 


1. Average of three micrometer readings 

2. Rerun of specimen immediately above referenced specimen 

3. Oxide melts at temperature <3860 F 

4. 8-minute test; specimen surface temperature >>3860 F 
because of temperature gradient through oxide layer 


^Should Read cm x 10- 3 /hr 


Dickson AFML TR 66-317 
Ref 22 
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TABLE V 

Melting Temperature and Evaluation of High Temperature Ceramic Oxides 


Material 

Oxides 

MP 

°c m 

Thermal 

Shock 

Resistance 

Oxidation 

Resistance 

Comments 

Ta 2 Os 

1872 (3401) 

Bad 

Good 

Low Melting Temperature 

MgO. 

2825 (5116) 

Bad 

Good 

Easily Reduced 

Zr0 2 . 

2715 (1918) 

Bad 

Good 

(Decomposes in contact with 
(C, N, or H at 2200C; 

Hf0 2 

2844 (5150) 

Bad 

Good 

(Stability Problem, also 
with Hf0 2 

Th02 

3220 (5827) 

Bad? 

Good 

Radioactive 


M10/D5/NAS3-3- 
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because of their low melt temperature; however, in these tests, the results were 
favorable. 


Brimhall (Reference 23) of the Battelle Pacific Northwest 
Laboratoiy investigated the behavior of pure iridium with and without an HfC>2 coating 
at 1500 C (2731 F). His conclusions, based on data in Figure 19, were that a dense, 
defect-free coating of Hf02 inhibits the oxidation of iridium. However, localized 
oxidation of the iridium was found to accelerate at cracks in the coating. Dickson 
(Reference 22) had the same results when he tested a hafnia-coated iridium wire at 
4035 F for 110 minutes. Both data sets indicate that a thin, continuous HfC>2 coating 
over the iridium was beneficial in reducing the oxidation rate of iridium. 


Aerojet has tested an HfC>2/Ir/Re chamber at 3500-4100 F for 
1232 sec, Reference 24, using the material tester shown in Figure 1. Testing was 
terminated when small spots of the HfC>2 spalled. There was no visible effect of the 
spalling on the integrity of the underlying iridium and the chamber, in fireable condition, 
was returned to Ultramet. 

Based on the data provided in Table IV, a coating of Ta2C>5 + 
ThC>2 may be even more effective than pure HfC>2, and using a combination of HfC>2 
and Ta2C>5 as a surface coating should also be considered to avoid the mild radioactivity 
of the Th02. 

6.0 Conclusions and Recommendations 

Development of more advanced materials should proceed in accord with the 
following plan. 

6.1 Gas-Side Compatibility Experiments 


The most essential activity is to fully characterize and understand the 
oxidation/reduction limits of the baseline materials and their operating limits. The 
baseline materials are defined as those used in the rocket engine demonstration tests of 
Contract NAS 3-24643, Reference 4, i.e., unalloyed platinum, rhenium, and iridium. 
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This should be followed, in Phase II, by comparable tests using the higher strength-to- 
weight, grain-stabilized platinum + 10 rhodium alloy, a higher strength, grain-stabilized 
rhenium, and two types of coated iridium. The first is unstabilized HfC>2 applied as a 
very thin surface coating. The second is a thin, stabilized HfC>2 with a TBD stabilizer. 
These tests should be conducted in the diagnostic thruster over a wide range of 
propellant chemistries, ruel-rich to oxidizer-rich. 

6*2 Substrate Weight Reduction 

Dispersion-strengthened rhenium should be characterized for creep 
strength and gram growth at 4000 F. The material should be evaluated in both bar and 
wire form, bar for outside-in fabrication and wire for inside-out fabrication. The use of 
a wire-wound iridium-coated mandrel would allow the efficient fabrication of much 
larger thrust chambers. A typical fabrication sequence would be as follows: 

o Deposit the stabilized Hf02 on the mandrel 
o Deposit the iridium over the HfC>2 
o Deposit a thin layer, 0.002-0.005 in., of rhenium 
o Wire wrap the structure to the thickness required for hoop loading 
o Vapor deposit or plasma spray a seal coat of rhenium 
o HIP the assembly 
o Remove the mandrel 

When the higher-strength W-3.6 Re - 0.4 (Hf + C) wire becomes available, 

this material should be employed to further reduce the weight and cost of the basic 
design. 


6.3 Diffusion Studies 


Concurrent with the compatibility work discussed in Section 6.1, simple 
diffusion ; experiments should be^conducted to determine if stabilizing media in the high-strength 
alloys has any influence on the mechanical properties affecting life of the iridium. The additives 
off interest are TI1O2, HfC>2, Hf, C, and HfC. These should be subject to 4000 F environment for 
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at least 10 hr and then examined to determine if they adversely impact the ductility of 
the iridium layer. 

The best combination of materials should be selected and a representative 
thrust chamber built and hot-fire tested. 
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APPENDIX SUPPLEMENT 


HIGH-TEMPERATURE PROPERTIES OF RHENIUM AND RHENIUM ALLOYS 
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Creep Behavior of Electron-Beam-Melted Rhenium 


WALTER R. WITZKE AND PETER L. RAFFO 

Creep deformation in electron-beam-melted polycrystalline rhenium sheet was evaluated at 
2200 to 4200 F (1477 to 2588 K) and 4 to 40 ksi (28 to 276 MN per sq m), Comparisons were 
made with powder metallurgy rhenium under similar conditions. Changes in creep-rupture 
behavior resulting from electron beam melting of rhenium were greater ductility, higher 
primary creep rate, and longer rupture life, especially at lower temperatures. The activation 
energy for creep was 72 kcal per mole for electron-beam-melted rhenium and 64 kcal per 
mole for powder metallurgy rhenium. 


The potential usefulness of rhenium as an aerospace 
material can be expressed in terms of its refractory 
character, stiffness, and low temperature ductility. 
Rhenium has a hep crystal structure and a melting 
point of 5750°F (3450°K), the second-highest of the 
metals. Its modulus of elasticity at room temperature 
approximates 67 x 10 6 psi (4.6 x 10 5 MN per sq m) and 
it has enough ductility to be fabricable at room temper- 
ature. Although it is costly and scarce, rhenium and 
its alloys can be expected to be used in specialized 
design applications. 

The mechanical properties of unalloyed rhenium 
have not been investigated in as much detail as those 
of the other refractory metals, W, Mo, Cb(Nb), and 
Ta. Literature reviews of rhenium up to I960 1 ’ 2 indi- 
cate a small amount of data on the tensile and stress- 
rupture properties of powder metallurgy wire as the 
only information available on the high temperature 
properties of rhenium. Since that time, additional 
mechanical property data including creep and stress 
rupture data on powder metallurgy sheet at high tem- 
peratures have been reported. 3-5 

Because electron beam melting has shown improved 
properties in other metals due to purification, this 
vacuum melting process could possibly render im- 
provements in rhenium also. In general, electron- 
beam melted materials have been described as having 
superior ductility to arc-cast or sintered stock. 6 

The objective of the present study was to character- 
ize the high temperature creep deformation of poly- 
crystalline rhenium sheet rolled from an electron- 
beam-melted (EB) ingot. Creep rupture, step-load, 
and step-temperature creep tests were performed in 
the temperature range 2200° to 4200°F (1477° to 
2588°K, 0.43 to 0.75 T m ) at stresses ranging from 4 to 
40 ksi (28 to 276 MN per sq m). These data are com- 
pared with similar test data on commercial powder 
metallurgy (PM) rhenium sheet and with previous data. 

EXPERIMENTAL PROCEDURE 
Materials 

Commercial rhenium powder having a minus-200 
mesh particle size was used in preparing the EB rhe- 
nium. The supplier’s analysis of the powder is given 

WALTER R. WITZKE is Research Metallurgist, Lewis Research Cen- 
ter, NASA, Cleveland, Ohio. PETER L. RAFFO, deceased, was Assist- 
ant Professor, Illinois Institute of Technology, Chicago, III, and was 
formerly associated with Lewis Research Center, NASA. 

Manuscript submitted February 22, 1971. 
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in Table I. PM rhenium sheet 0.040-in. (0.10-cm) 
thick was obtained commercially and used for com- 
parison testing. A small amount of the PM rhenium 
sheet was rolled to a thickness of 0.020 in. (0.050 cm). 

Melting 

In preparation for electron beam melting, 9 lb (4.1 
kg) of rhenium powder were hydrostatically pressed 
at 30 ksi (208 MN per sq m) into a 1.25-in. (3.2-cm) 
diam bar and sintered in dry hydrogen at 4000°F 
(2477°K) for 3 hr. Melting was performed in a com- 
mercial 150 kw electron beam furnace previously de- 
scribed in Ref. 7. The rhenium metal was double 
melted into a 2-in. (5-cm) diam mold at a power level 
of 80 to 100 kw with the chamber pressure maintained 
at 5 x 10 5 torr. The average Vickers hardness (10 
kg load) across the diameter of the double-melted 
ingot near its top was 225 Dph. Taken in several 


Table 1. Rhenium Analyses 

Impurity 

Element* 

Impurity Content, ppm 


Commercial Powder 
(Supplier Analysis) 

Commercial Powder 
Metallurgy Sheet 

Electron-Beam- 
Melted Sheet 

Ag 

ND 



A1 

<1 

3.0 

5.0 

Ca 

<1 



Co 


0.2 

<0.2 

Cr 

<1 

6.0 

3.0 

Cu 

<1 



Fe 

8 

30.0 

15.0 

Mg 

<1 



Mn 

ND 

0.5 

<3.0 

Mo 

<1 

0.2 

<0.2 

Na 

<1 



Nb 


0.6 

<0.2 

Ni 

<1 

2.0 

0.7 

Si 

<1 



Sn 

ND 



Ta 


2.0 

1.0 

Ti 

ND 

0.3 

0.2 

V 

ND 



W 

ND 

5.0 

<0.2 

Zr 

ND 

1.6 

0.5 

C 

59 

8 

1 1 

N 

40 

5 

4 

O 

2700 

6 

8 

H 

42 



♦Elements other than interstitials determined by emission spectrograph. 
* ND = not detected. 
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grains of varying crystallographic orientations, 18 
hardness indentations ranged in value from 181 to 270 
Dph. This large spread reflects the extreme hardness 
anisotropy typical of hep metals. 

Fabrication 

The fabrication of the EB rhenium ingot was ac- 
complished by first extruding at 3800°F (2366°K) and 
then by rolling at room temperature with intermediate 
recrystallization anneals. The extrusion step is unique 
in rhenium fabrication. Rhenium is seldom worked 
above room temperature because of embrittlement due 
to hot shortness problems. The hot shortness is 
thought to be due to the melting of a Re 2 0 7 oxide nor- 
mally situated at the grain boundaries. 8 Hot shortness 
was avoided in the present work by extruding the rhe- 
nium in an evacuated and sealed container. Rhenium is 
also characterized by rapid work hardening. The high 
extrusion temperature was chosen so that the deforma- 
tion would occur above the work -hardening tempera- 
ture range. 

Preparations for extrusion involved grinding of- the 
ingot surface, sealing the billet in 0.01-in. (0.025-cm) 
thick tantalum sheet using TIG and EB welding, and 
canning in powder metallurgy Mo-25 wt pet W alloy. 
The purpose of the claddings was to prevent the forma- 
tion of low-melting Re 2 0 7 and to facilitate the extru- 
sion. 

The clad rhenium was successfully extruded at 
3800°F (2366°K) and a reduction ratio of 8:1. The ex- 
trusion speed was about 5 ips (13 cm per sec) with a 
breakthrough pressure of 118 ksi (814 MN per sq m). 
Thus, with suitable precuations to avoid hot short 
and work- hardening characteristics, the extrusion of 
rhenium at high temperatures lias been shown to be 
feasible. (This general extrusion procedure was sug- 
gested by Dr. Fred J. Rollfinke of Cleveland Refrac- 
tory Metals, Solon, Ohio.) 

The resultant flat bar was ground to remove the 
cladding. The extruded rhenium was fully recrystal- 
lized with an average grain diameter of 66pm. The 
average Vickers hardness (10 kg load) was 176 Dph. 

Room temperature rolling was required to bring 
the rhenium to a final 0.020-in. (0.050-cm) thickness. 
Reductions of 8 to 10 pet were made per rolling pass. 
Due to the rapid work -hardening rate of rhenium, 
after each 15 to 20 pet total reduction the sheet was 
recrystallized by annealing in hydrogen for 5 min at 
3000°F (1922°K). The final as-rolled sheet was approx- 
imately 60 pet recrystallized with an average Vickers 
hardness (200 g load) of 536 Dph. 

TESTING 

Creep test specimens were cut from EB and PM 
rhenium sheet materials by electrospark machining. 
The specimens were 3.25-in. (8.25-cm) long by 0.63- 
in. (1.60-cm) wide with a 1.0-in. (2,54-cm) long by 
0.25-in. (0.64-cm) wide test section. Prior to testing 
all specimens were annealed in a hydrogen atmosphere 
for 1 hr at 3000°F (1922°K). Both materials were fully 
recrystallized by the treatment, see Fig. 1, and had 
average grain diameters of 37 pm for the EB rhenium 
sheet and 47 pm for the PM rhenium sheet. 

Creep testing was performed in vacuum |10" 5 to 10' 7 
torr (10‘ 3 to 10” 5 N per sqm)] under constant load. 
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ft b ) 

Fig. 1— Microstructure of rhenium sheet annealed 1 hr at 
3000° F (1922°K) in hydrogen. Magnification 210 times. 

(a) Electron-beam-melted (EB) rhenium, (b) Powder-metal- 
lurgy (PM) rhenium. 

Deformation was recorded during the creep tests 
from load train displacement measurements. Strains 
were determined on the basis of this measurement 
and the assumption that all of the creep occurred in 
the gage length. The minimum creep rates were de- 
termined graphically. 

The majority of the creep tests consisted of apply- 
ing a constant load and permitting the material to 
elongate to rupture. Other tests that were conducted 
for determining secondary creep rates under varying 
conditions consisted of changing the load (steploading) 
or temperature (step temperature) periodically. Step 
changes were made as the creep rate approached a 
minimum. 

Chemical Analysis 

The EB and PM rhenium sheet materials were anal- 
yzed to determine impurity contents. A comparison of 
the emission spectrographic analysis given in Table I 
suggests only small differences in impurity levels be- 
tween the EB and PM sheet. Both materials were of 
very high purity, namely >99.99 pet Re. The content 
level of most of the metallic and interstitial impurities 
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are unfortunately at or near the present quantitative 
limits of detection. The values of analyzed impurity 
content, therefore, may not present a true picture of 
the differences between the EB and PM rhenium ma- 
terials. Indirect evidence of the higher purity of the 
EB-melted rhenium is presented later under results 
and discussion. 


Metallography 

Standard optical microscopy techniques were used 
in examining the rhenium specimens. The microstruc- 
ture of the mechanically polished sections were best 
revealed by etching with Murakami’s etchant and 
through use of polarized light. Grain diameter meas- 
urements were made by the line intercept method. 


RESULTS 

Grain Growth Observations 

Indirect evidence of the higher purity of EB-melted 
rhenium compared to the PM rhenium material was 
afforded both by the results of annealing studies and 
observations of the grain size of specimens after 
creep testing. As shown in Fig. '2, the powder metal- 
lurgy rhenium sheet was remarkably resistant to 
grain growth during annealing. Specimens recrystal- 
lized at 3000°F (1922°K) showed essentially no grain 
growth in 1 hr anneals at temperatures as high as 
4000°F (2477°K). On the other hand, the EB rhenium 
exhibited grain growth beginning at approximately 
3200°F (2033°K). We believe this difference in grain 
growth behavior reflects the higher purity of the EB 
rhenium, since small quantities of impurities can have 
a pronounced effect on the grain boundary migration 
rate. 0 

This difference in grain growth behavior may ac- 
count for some of the observed differences in creep 
behavior of the two types of rhenium at temperatures 



1800 2000 2200 2400 2600 2800 

Annealing temperature, K 


Fig- 2— Effect of 1-hr annealing temperature on grain size in 
electron-beam-melted (EB) and powder- metallurgy (PM) rhe- 
nium sheet. 


above 3G00°F (1922°K), as will be indicated later. Ob- 
servations made on the unstrained portions of the test 
specimens indicated that the grain size of the EB rhe- 
nium increased during tests at 3000°F (1922°K) and 
above while that of the PM rhenium remained constant. 


Creep-Rupture Life and Ductility 

The results of the creep tests conducted on the EB 
and PM rhenium sheet are illustrated in Figs. 3 to 8. 
Creep curves for both types of rhenium at 2200°F 
(1477°K) , 3000°F (1922°K), and 4000°F (2477°K) are 
compared in Fig. 3. The most striking differences in 
behavior were the much greater rupture ductility and 
longer rupture life of the EB rhenium at 2200°F 
(1477°K), Fig. 3(«), and 3000°F (1922°K), Fig. 3(h). For 
example, at 2200°F (1477°K) at a stress of 20 ksi (138 
MN per sq m), the elongation at rupture for the EB 
rhenium was 22 pet while that of the PM rhenium was 
only 4 pet. The higher ductility of the EB rhenium ap- 
pears to be responsible for its much longer rupture 
life, 721 hr as compared to 32.2 hr for the PM rhe- 
nium under the test conditions noted above. These 
large differences are not attributable to differences 
in grain size of the two materials, for the grain sizes 
were very comparable and stable during these lower 
temperature tests. 

At 4000°F (2477°K), Fig. 3(c), where differences in 
grain growth behavior might be expected to influence 
the test results, the differences in rupture life and 
ductility were much smaller than at the lower temper- 
atures. Under the test conditions illustrated in Fig. 
3(c), there appeared to be a significant effect of speci- 
men thickness on the rupture life and ductility of the 
PM rhenium sheet. The 1.0-mm thick sheet appeared 
to be significantly less ductile and exhibited a shorter 
rupture life than the 0.5-mm sheet. Unfortunately this 
variable was not explored in EB rhenium sheet or at 
test temperatures of 3000°F (1922°K) or lower, so the 
extent to which a size effect may influence the results 
at lower temperatures is unknown. 

Secondary Creep Behavior 

The temperature dependence of the secondary (min- 
imum) creep rate k s is shown for EB and PM rhenium 
in Fig. 4 for stress a levels ranging from 4 to 40 ksi 
(28 to 276 MN per sq m). The activation energy for 
creep Q c for EB rhenium was determined from this 
plot to have an average value of 72 kcal per mole and 
was relatively independent of stress. The Q c for the 
PM rhenium was previously reported by the authors 
as 64 kcal per mole. 5 Vandervoort and Barmore have 
determined Q c for PM rhenium as 60 kcal per mole. 4 

A least squares treatment of the data indicated a 
stress exponent of 3.7 for EB rhenium and 3.5 for PM 
rhenium. These relatively low exponent values are in 
agreement with the work of Vandervoort and Barmore 4 
who observed a value of 3.4 for PM rhenium. However, 
a log-log plot fo e s vs a at constant temperature for 
the EB rhenium data suggested a possible increase in 
n to 4.3 above 3400°F (2144°K). Insufficient informa- 
tion was available to determine the validity or possible 
causes of a higher stress exponent. 

Fig. 5 shows the stress dependence of the tempera- 
ture compensated creep rate, k s exp ( Q r /RT ) where 
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Qc for the composite data is 69,000 cal per mole. EB 
rhenium is 3.6 for almost the entire stress range, 
whereas for PM rhenium the stress dependence ranges 
from 2.2 at low stresses to 4.8 above 10 ksi (69 MN 
per sq m). In the high temperature creep of most pure 
metals n is observed between 4 and 6. 10 



• Time, hr 

(a) 




Fig. 3— Creep curves for electron-beam-melted (EB) and pow- 
der-metallurgy (PM) rhenium under various temperature and 
stress conditions, {a) Test temperature. 22l)0°F(1477°K); load 
stress, 20 ksi (138 MN per sq m). (h) Test temperature, 
3000°F (1922°K); load stress, 15 ksi (103 MN per sq m). 

( c ) Test temperature, 4000°F (2477°K); load stress, 4 ksi 
(28 MN per sq m). 
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Primary Creep Behavior 

Primary creep rates were determined according to 
the Andrade l U3 law using the expression 

e = lit 1 ' 3 + k s t 

where the measured strain e at time t consists of 
strain components related to the primary creep rate 
(3 and the secondary creep rate k s . 

The temperature dependencies of the primary creep 
rates for EB and PM rhenium are shown in Fig. 6. Ac- 
tivation energies determined from these plots averaged 
87 kcal per mole for EB rhenium and 78 kcal per mole 
for PM rhenium. These values are about 20 pet higher 
than the activation energies determined for secondary 
creep. Previous studies have indicated that the activa- 
tion energy remains relatively constant during primary 
and secondary creep provided no cliange in deforma- 
tion mode occurs. 10 

The relation between the primary and secondary 
creep of rhenium was examined. This is shown in 
Fig. 7 where (3 is plotted against k s for the EB and 
PM rhenium creep- rupture tests. The data for the 
two materials do not coincide but the slopes of the 
least squares determinations were nearly identical and 
indicated the relation 

/ 3 = k{k s )°‘ 4 

The magnitudes of the primary creep rates for EB 
rhenium were greater than for PM rhenium by a factor 
slightly less than 3. 

Rupture Life Behavior 

The effect of creep stress on rupture life at constant 
temperature is shown by means of a log- log plot in 
Fig. 8 for three temperature levels. The slopes of the 
stress-rupture life data for the various temperatures 
for each sheet material have been drawn parallel to 
each other. At 4000°F (2477°K) the effect of stress 
for both EB and PM rhenium sheet materials can be 
described by a single line. However, as the test tem- 
perature was decreased, a difference in stress-rupture 
life behavior of the two materials became more appar- 
ent. Although EB rhenium had approximately the same 
life as PM rhenium at 4000°F (2477°K), at 300CFF 
(1922°K) EB rhenium had about three times the life of 
PM rhenium, while at 2200°F (1477°K) EB rhenium 
lasted over 20 times longer than PM rhenium. The 
stress for a 100-hr rupture life at 2200°F (1477°K) 
was 30 ksi (207 MN per sq m) for EB rhenium, almost 
twice that for PM rhenium. 

Rupture data from Ref. 3 for PM rhenium (Lot 1) 
at 2912° and 3969°F (1873° and 2473°K) are also shown 
in Fig. 8 for comparison. A difference in stress de- 
pendency can be noted. The rhenium materials from 
this study had a stress dependency coefficient of -4.8 
compared to -3.7 for the data from Ref. 3. 

DISCUSSION 

Considerable differences have been observed in the 
properties of electron-beam-melted (EB) rhenium 
sheet compared to powder metallurgy (PM) sheet. 
Relative to PM rhenium the results of this study have 
shbwn that EB rhenium had a) greater ductility, 
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Fig: 5— Stress dependency of temperature-compensated sec- 
ondary creep rate for recrystallized electron-be’am-melted 
(EB) and powder-metallurgy (PM) rhenium. 


b) longer rupture life, c) higher primary creep rates, 
d) similar secondary creep rates, and e) grain growth 
initiating at a much lower temperature. 

With the essential difference in processing being 
the additional steps of melting and extruding one can 
assume that the changes listed above are mainly due 
to melting. An accepted consequence of melting re- 
fractory metals under good vacuum conditions is the 
generally increased purity of the product. That this 
might occur in the electron beam melting of already 
high purity rhenium powder compacts was not known. 
However , as shown in Fig. 1, the melting was bene- 
ficial in preparing a material with relatively few 
voids. Also indirect evidence suggesting increased 
purity was noted in the grain growth characteristics 
of the two materials. The lowering of impurities and 
voids can reasonably account for the greater ductility 
(as measured by total elongation) and longer rupture 
life of EB rhenium. 

Void formation during creep testing was observed 
in both EB and PM rhenium, as shown in Fig. 9. Voids 
at the grain boundaries were larger in the PM rhenium 
at 2 pet elongation where rupture occurred than in the 
EB rhenium at 9 pet elongation where the test was 
interrupted. 
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EB rhenium 



Temperature, °F 
(b) 


I’ ig. G temperature dependency of primary creep rates of 
rhenium sheet at stresses of 4 to 20 ksi (38 to 138 MN per 
sq m). (a) Electron-beam-melted rhenium, (b) Powder- metal- 
lurgy rhenium. 



Fig. 7— Relation of primary and secondary creep rates of 
electron-beam-melted (EB) and powder- metallurgy (p.M) 
rhenium at 2400° to 4200°F (1477° to 2588 K). ft - k( 


Tertiary creep has been associated with the devel- 
opment of voids at the grain boundaries. 11 Resnick 
and Seigle 12 have shown that the removal of impurities 
which catalyze void formation during diffusion also 
decreases the tendency for grain boundary void forma- 
tion during creep and thereby significantly improves 
the stress-rupture life of the material. The existence 
of voids in the grain boundaries before creep testing 
probably account for the lower strain values observed 
in PM rhenium prior to tertiary creep compared to 
EB rhenium and thereby served to reduce rupture life. 

Under the same test conditions the secondary creep 
rates of the two rhenium materials were similar, but, 
as observed in Fig. 6, the primary creep rates of the 
EB rhenium were higher than those for PM rhenium. 
For a given secondary creep rate, the primary creep 
rate for EB rhenium was shown in Fig. 7 to be greater 
by a factor of theee. This is consistent with the 
greater ease of dislocation movement t hat would be 
expected with increased purity. 

The activation energy for creep in pure metals 
above half the absolute melting temperature has been 
shown in a large number of investigations to be nearly 
equal to the activation energy for self diffusion. 13 Ex- 
perimentally determined values of the activation en- 
ergy for self diffusion in rhenium are not available, 
but estimates based on the melting point suggest values 
ranging from 117 to 131 kcal per mole. The apparent 
activation energies for creep determined in this inves- 
tigation, however, are approximately half the estimated 
values for self diffusion, indicating the creep behavior 
of rhenium in this temperature range (0.43 to 0.75 7’ m ) 
is not controlled by dislocation climb. As would be ex- 
pected, the activation energies resulting from this in- 



Fig. 8— Effect of creep stress on rupture 
life at constant temperature for electron- 
beam-melted (EB) and powder-metallurgy 
(PM) rhenium sheet at three temperature 
levels. 
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ary diffusion. In accord with Vandervoort and Bar- 
more’s conclusions and with those previously proposed 
by the authors 5 the rate-controlling process in the 
high temperature creep of rhenium is associated with 
4 dislocation pipe diffusion. 



Fig. y— Voids in microstructure following creep at 2500° F 
(1644 C K> and 2U ksi (13b MN per sq m). Magnification 420 
times, (rrj Electron-beam-melted (EB) rhenium after 0 pet 
total elongation (broke in grip). (/;) Powder-metallurgy (PM) 
rhenium after 2 pet total elongation rupture. 


vestigation are somewhat higher than those experimen- 
tally evaluated for surface diffusion of rhenium 14 
ranging from 48.4 to 53.0 kcal per mole depending on 
crystal orientation. 

Vandervoort and Barmore 4 observed that creep de- 
formation in rhenium took place by dislocation motion 
within the grain and that no subgrain formation oc- 
curred. This ruled out grain boundary and subbound- 


SUMMARY OF RESULTS 

The creep properties of rhenium sheet prepared 
from electron-beam melted and extruded material 
were compared with sheet prepared by commercial 
powder metallurgy methods. The results of this study 
in the temperature range of 0.43 to 0.757^, were as 
follows: 

1) EB rhenium, compared to PM rhenium, had 
greater ductility (total elongation), longer rupture life, 
and higher primary creep rates. For example, at 
2200°F (1477 9 K) EB rhenium had 5.5 times the total 
elongation and 20 times the rupture life exhibited by 
PM rhenium. These differences decreased as temper- 
ature increased. Secondary creep rates were com- 
parable. We believe that the improved creep and rup- 
ture properties of EB rhenium can be attributed to the 
reduction in impurities and voids by vacuum melting. 

2) Activation energies for creep between 2200° and 
4200°F (1477° and 2588°K) ranged from 72 kcal per 
mole for EB rhenium to 64 kcal per mole for PM rhe- 
nium. The rate-controlling process in this tempera- 
ture range is associated by the authors with disloca- 
tion pipe diffusion. 
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Typical Creep Curves for Powder Metallurgy Rhenium Tested in Hydrogen 



Stress Versus Linear Creep Rate Data for Powder Metallurgy Rhenium 
Tested in Hydrogen 
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Rhenium Alloys 



Source Conway and Flagella, Ref 5 





Steady creep rate, sec'^ 


lb) Arc melted. 


Representative Creep Rate Data for Electron Beam- and Arc-Melted 
Tungsten and Tungsten-Rhenium Alloys at 3500°F 



Rhenium, weight percent 


Effect of Rhenium on Strength of Tungsten-Rhenium Alloys. Steady Creep 
Rate, 10‘ 6 per Second; Temperature, 3500°F (Corresponds Approximately to 
Rupture Life of 50 hrs) (Ref 7) 
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W-23. 4 Re-Hf-C, as swaged 
W-23.4 Re-Hf-C, annealed 1 hr at 3600° F (1982° 0 
W-23. 4 Re-Hf-C, annealed 10 min at 4900 c F 
(2704° K) and 1 hr at 2300° F (1371° 0 
W-24 Re, annealed 1 hr at 3600° F (1982° C) 

100 W, annelaed 1 hr at 2800° F (1338° 0 (ref. 71 
W-3. 9 Re-0.41 Hf-0. 51 C, as swaged 


Carbon content 
after testing, 
at. % 
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Tensile Strengths of W-23.4Re-Hf-C and Other Tungsten Alloys at Elevated 
Temperatures 
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Creep Behavior of W-23.4Re-Hf-C at 2500°-35Q0°F (1371 0 -1927°C). Carbon 
Content of Each Specimen After Step-Load Testing is indicated 



1200 1400 1600 1800 2000 


Temperature, c C 

Creep Strength at Creep Rate of 10- 6 /sec for Swaged W-23.4Re-0.27Hf-C 
Compared to Swaged W-4Re-0.40Hf-0.48C and High-Strength Tantalum 
Alloys at Elevated Temperatures (Ref 12) 
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Rhenium Alloys 
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Tensile Strength of Optimum Alloy Composition W-4Re-0.35Hf-0.35C (Taken 
From Fig 1) Compared With Strength of Unalloyed Tungsten at 2500° to 
4000°F (1371° to 221 4°C) 


Source W-D. Klopp NASA TN 5348 Mech. Prop. W-Pe HfC Alloys 
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Rhenium Alloys 
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Extrapolated Stress for I Percent Creep Strain 
in hi. t)tn) Hoars as a Function of Temperature 
lor Molybdenum and Molybdenum Alloys. 



Density-Compensated Stress for l Percent Creep 
Strain in 6‘1,000 Hours as a Function of 
Temperature for Selected Alloys. Corrected 
to Density of Molybdenum. 

Source: W.D. Klopp Space Nuclear Power Systems 1984 (Ref. 15) 
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Figure B-4. Mole Fraction Versus Mixture Ratio of Oxygen/Hydrogen at 10 atm 
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Figure B-5. Combustion Temperature and Specific Impulse for Oxygen/Hydrogen at 5 atm 
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Figure B-*8. Mole Fraction Versus Mixture Ratio for Oxygen/Methane at 1 atm 
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Figure B-9. Mole Fraction Versus Mixture Ratio for Oxygen/Methane at 5 atm 
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Figure B-10. Mole Fraction Versus Mixture Ratio for Oxygen/Methane at 10 atm 
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Figure B-13. Combustion Temperature Versus Mixture Ratio for Nitrogen 
Tetroxide/Hydrazine at 1, 5, and 10 atm 
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Figure B-1 4. Mole Fraction Versus Mixture Ratio tor Nitrogen Tetroxide/Hydrazine at 1 atm 
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Figure B-15. Mole Fraction Versus Mixture Ratio for Nitrogen Tetroxide/Hydrazine at 5 atm 
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Figure B-17. Combustion Temperature and Specific Impulse Versus Mixture Ratio 
for Nitrogen Tetroxide/Hydrazine at 5 atm 
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Figure B-1'8. Combustion Temperature and Specific impulse Versus Mixture Ratio 
for Nitrogen Tetroxide/Hydrazine at 10 atm 
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Figure B-19. Combustion Temperature Versus Mixture Ratio for Nitrogen Tetroxide/ 
Monomethylhydrazine at 1, 5 and 10 atm 
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Figure B-21. Mole Fraction Versu 
Monomethylhydraz 
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Figure B-23. Combustion Temperature and Specific Impulse Versus Mixture Ratio for Nitrogen 
Tetroxide/Monomethylhydrazine at 1 atm 
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Figure B-24. Combustion Temperature and Specific impulse Versus Mixture Ratio for Nitrogen 
Tetroxide/Monomethyihydrazine at 5 atm 
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FigureB-25. Combustion Temperature and Specific Impulse Versus Mixture Ratio for Nitrogen 
Tetroxide/Monomethylhydrazine at 10 atm 



Exhaust Gas Temperature (R) 


5250 


O2/H2 
MR - 

Pc = 1 0 atm 


0 2 /CH 4 
MR , = 3.0 
P c = 10 atm 


N 2 0 4 /N 2 H 4 
MR = 1.2 
P c — 10 atm 


N 2 0 4 /MMH 
MR = 1.6 
P c = 1 0 atm 


i- 0 1.1 1-2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 

Nozzle Expansion Ratio 

Figure B- 26 . Exhaust Gas Temperature Versus Nozzle Expansion Ratio 
for O2/H2, O2/CH4, N2O4/N2H4 and N2O4/N2H3CH3 
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TABLE B-1. 

Tabulation of Bipropellant Performance and Combustion Gas Composition, Sheet 2 of 4 
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TABLE B-1. 

Tabulation of Bipropellant Performance and Combustion Gas Composition, Sheet 4 of 4 
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